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1.1 SPECIFICATION OF THE RESEARCH PROBLEM 
 
Volatile phenols (VP) are phenolic compounds that modify sensory characteristics of wine in 
an undesirable way, which is described as “horse sweat”, “phenolic”, “leather”, “stable” or 
“varnish”, etc. (Chatonnet et al., 1993). These changes in the sensory characteristics of wine 
represent the results of the metabolism of the yeast that belong to the species Dekkera 
bruxellensis. Compounds which most widely represent the VP that correspond to unwanted 
changes in wine aroma are 4-ethylguaiacol (4-EG), 4-ethylphenol (4-EP), 4-ethylcatechol (4-
EC) and their precursors 4-vinylguaiacol (4-VG), 4-vinylphenol (4-VP), and 4-vinylcatechol 
(4-VC). Among them, the most important is 4-EP, followed by 4-EG, and 4-EC. Sensorial 
notes that remind of horse sweat, leather, medicinal, and animal are particularly related to 4-
EP and 4-EG (Wedral et al., 2010). Odours such as horse sweat, leather, animal, and 
medicinal are the consequence of 4-EP presence (Larcher et al., 2007), while the reminiscent 
of clove, smoky, or toasted bread odour are the consequence of 4-EG (García-Carpintero et 
al., 2014). While, the odours attributed to the 4-VP and 4-VG are described as “band-aid”, 
gouache, pharmaceuticals, and spicy as well (Baša Česnik and Lisjak, 2016). Extensive 
research of this problem in wine industry pointed out that the main responsibility for VP 
formation is on the yeast of species Dekkera bruxellensis or its anamorph Brettanomyces 
bruxellensis. Unwanted flavours represent the key indicator of the spoilage by this yeast and 
its metabolism in wine (Steensels et al., 2015). In recent decades, there is high interest and 
focus by many researchers on this species, since the production of VP affects the quality of 
red wines all over the world. Besides, these species do not deteriorate only wine, but also 
other fermented foods, beverages, and ethanol production (Malfeito-Ferreira et al., 2018). 
Within the huge number of reports, there are also many review papers dealing with the 
presence of these species and their characteristics in wine (Suárez et al., 2007; Wedral et al., 
2010; Kheir et al., 2013; Steensels et al., 2015; Šućur et al., 2016; Agnolucci et al., 2017; 
Berbegal et al., 2018; Malfeito-Ferreira, 2018). 
D. bruxellensis yeast metabolize the precursors of VP, i.e. the hydroxycinnamic acids (HCA), 
particularly p-coumaric acid, ferulic acid, or caffeic acid, by consecutive action of two 
enzymes. The hydroxycinnamate decarboxylase enzyme (HCD) transforms HCA to the 
corresponding hydroxystyrenes, and after that vinylphenol reductase enzyme (VR) forms 
ethyl from their vinyl derivates (Silva et al., 2011). The potential for formation of volatile 
phenols depends on the concentration of HCA, which are initially present in grapes and can 
differ significantly among grapevine varieties and grape maturity, and can be influenced by 
different clime conditions (Pollnitz et al., 2000; Pour-Nikfardjam et al., 2009). Recently, 
Lima et al. (2018) found that the ratio 4-EP/4-EG varies greatly from 1.5:1 to 47:1 in 
monovarietal wines. These differences cannot still be fully explained, although the likely 
reasons are different ratios of VP precursors: p-coumaric and ferulic acids, as well as the 
ability of Dekkera different strains, some of which have greater capacity to produce 
compounds (Buron et al., 2012). Beside the grape variety factor, the level of VP precursors 
depends also on the applied viticulture techniques and winemaking technologies, especially 
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the extraction process (Wedral et al., 2010). Conterno et al. (2010) demonstrated that 
Dekkera bruxellensis is not the only microorganism which can produce volatile phenols and 
the potential of forming these compounds is strain specificity dependent. Besides, wine 
composition parameters such as pH, alcohol content, free and total SO2, glucose and fructose 
concentrations, and different storage conditions (storage temperature, type of vat, etc) have 
also been studied. The results showed the importance of these parameters for the metabolism 
of Dekkera bruxellensis and consequently on VP formation (Silva et al., 2011; Kosel et al., 
2014). 
In the winemaking process, it is very important to distinguish the most critical control points 
when spoilage by D. bruxellensis occurs, in order to prevent its further growth. Based on the 
surveyed literature it can be proposed that these yeasts have the ability to proliferate, survive 
and contaminate the wine during various processing phases of winemaking. These yeasts are 
also able to affect both alcoholic and malolactic fermentation (Renouf et al., 2006a), and they 
are mostly reported to occur mainly in aging processes, especially in oak barrels (Rubio et al., 
2015). Therefore, the off-odours can appear during any of different wine production stages. 
Regarding that high ethanol concentration, D. bruxellensis is less sensitive in comparison to 
Saccharomyces cerevisiae (Abbott et al., 2004) and represents one of the rare species that can 
survive and develop in media which is nutritionally exhausted. Wine with low sugar content 
and high alcohol concentration after alcoholic fermentation (AF) is a good example of such 
media (Renouf et al., 2006a). Chandra et al. (2015) evaluated three red grape varieties for 
susceptibility to D. bruxellensis during both alcoholic and malolactic fermentations and found 
that both examined strains survived well during fermentations. Malolactic fermentation 
(MLF) and aging in oak vats are referred to as the most unfavourable stages for VP 
production (Renouf et al., 2006b). In a research performed by Garijo et al. (2015) it has been 
demonstrated that about 30% of the analysed red wines contained D. bruxellensis when MLF 
was finished, but mainly at a quite low level under which there is no fear of further defects. 
However, if cell propagation occurs and this number increases in the following months, then 
the flaw will become obvious. It has been demonstrated that some Saccharomyces strains 
possess high activity of HCD enzyme, which during AF favours the creation of vinylphenolic 
pyranoanthocyanin compounds (Morata et al., 2007; Benito et al., 2009). In this way, the 
yeast of Saccharomyces species can reduce the p-coumaric acid content and therefore 
minimize the 4-EP content formation. Also, some of them exhibit little activity, while others 
were able to transform up to 15% of HCA into vinylphenols (Benito et al., 2009). Based on 
literature data it is suggested that utilization of commercial starters in industrial vinification is 
of crucial importance, and generally provides advantages to the winery from an economical 
point of view (Cañas et al., 2015; Tristezza et al., 2016). 
Wine aging and processes within the wine storage represent potential risk for the spoilage 
microbial species growth. Wood for wine aging is usually toasted and during that process 
lignin undergoes certain changes, the results of this thermal degradation being compounds 
such as vanillin, ferulic acid, guaiacol, 4-EG, 4-methylguaiacol, p-coumaric acid, and 4-EP. 
Chandra et al. (2015) found that the level and heterogeneity of barrel contamination have 
more influence on spoilage by D. bruxellensis and are more important than the impact of 
chosen grape variety. Nevertheless, it is known that wine aging in wood is more expensive 
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and barrels need more space. Therefore, an alternative to oak barrels appeared in the form of 
different shapes and sizes, i.e. the form of oak larger pieces (staves, blocks), shavings, and 
chips. There are several reports on the influence of oak chips, i.e. size, toasting degree, and its 
geographical origin on the volatile composition in wine (Bautista-Ortín et al., 2008; 
Rodríguez-Bencomo et al., 2008). García-Carpintero et al. (2012) reported on the impact of 
chip-shaped oak wood, added during different stages of fermentation, on the volatile 
compounds of wine, and found that 4-EG and 4-VG were enhanced in all wines treated with 
oak chips, with 4-EP also higher in wines with higher dose of oak chips. 
1.2 AIM OF THE RESEARCH 
 
The main purpose of this research was to examine the microbiological and technological 
parameters influencing VP production in wine of autochthonous Montenegrin grape varieties 
Kratošija and Vranac and international grape variety Cabernet Sauvignon. Furthermore, we 
wanted to identify the most critical control points when spoilage by D. bruxellensis occurs, 
so that its further growth could be prevented. Research was conducted within two 
consecutive vintages (2012 and 2013) and varietal predisposition for VP formation has been 
determined in Montenegrin wines. Within this purpose, grape must and wines of examined 
grape varieties were analysed for the first time on the presence of D. bruxellensis yeast, and the 
concentrations of HCA. The influence of commercial yeast and lactic acid bacteria (LAB) on 
wine chemical parameters and HCA content has been examined. 
Additionally, an impact of addition of oak alternatives on VP formation and on the sensory 
profile of wine was examined as well. Wine chemical parameters and VP were determined in 
different phases of winemaking, in order to obtain more information about the winemaking 
stage, when wine is most subjected to spoilage by D. bruxellensis. 
1.3 RESEARCH HYPOTHESES 
 
• By changing microbiological (commercial yeast and lactic acid bacteria) and technological 
(addition of oak) parameters it is possible to influence the content of volatile phenols in 
wine. 
• Higher content of HCA in grape must and young wine means higher content of VP in aged 
wine. 
• Dekkera bruxellensis as most common and severe wine spoilage organism is present in 
grape and wines of the Montenegrin terroir.  
• Addition of oak blocks or chips can improve wine aroma, but also increase volatile 
phenols content in wine. 
• 4-ethylphenol and 4-ethylguaiacol influence aroma character of Kratošija, Vranac and 
Cabernet Sauvignon wines and by testing different technologies at microvinification scale 
which are applicable also at industrial scale, it will be possible to choose the best 
winemaking practice in order to minimize their content below the threshold. 
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2 LITERATURE REVIEW 
2.1 VOLATILE PHENOLS: THE INCIDENCE AND ORIGIN 
Volatile phenols (VP) are a group of phenolic aromatic compounds that have a high influence 
on wine aroma. Their elevated occurrence in wine is associated with an undesirable smelling 
odour, which is mostly referred to as “horse sweat”, “phenolic”, “leather”, “stable” or 
“varnish”, etc. (Chatonnet et al., 1992; Chatonnet et al., 1993; Rodrigues et al., 2001). Low 
contents of VP may contribute positively to the wine aroma complexity, however, when their 
contents reach a certain level, the negative effect on the final wine aroma has been shown 
(Silva et al., 2011). In addition, the estimation of wines with higher amounts of VP is 
arguable and depends on cultural and individual fondness (Wedral et al., 2010). Even if those 
adverse effects are not recognized, volatile phenols produce a huge disappearance in the 
varietal wine flavours and its fruity character (Renouf et al., 2007a). 
It is interesting that 4-EP and 4-EG strongly represent an unpleasant spoilage odour in wines; 
these compounds are also regarded as significant contributors to the enriching flavours of 
American Coolship Ale, Lambic, and other Belgian acidic ale beers (Steensels et al., 2015). 
This difference between the characteristic influence of these phenolic compounds on beers 
and wines could be explained by the distinction in relative volatile phenols content: beer 
mainly has a higher 4-EG content (spicy, or clove-like aroma), whilst wine has higher 4-EP 
content (“Band-Aid”, medicinal aroma) (Vanbeneden et al., 2008). The 4-EP can form the 
odour evocative of leather-like, horse sweat, or stable (Larcher et al., 2007), while 4-EG can 
be reminiscent of clove, smoky, or toasted bread odour (García-Carpintero et al., 2014). 
Moreover, if the 4-VP content is below the sensorial limit detection, it can produce odours 
similar to “band-aid”, gouache and pharmaceuticals, while 4-VG contributes to the wine 
spicy notes (Baša Česnik and Lisjak, 2016). The appearance of volatile phenols in wines also 
gives the impression of astringency and bitterness (Filipe-Ribeiro et al., 2018). However, the 
impact of vinylphenols as well as ethylphenols should be reviewed jointly, in their present 
ratio in wines (Ribéreau-Gayon et al., 2000). The concentration of VP in red wines and their 
odour explanations are presented in Table 1 (Curtin et al., 2005; Steensels et al., 2015).  
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Table 1: Volatile phenols in wine (Curtin et al., 2005: 28; Steensels et al., 2015: 31) 
Preglednica 1: Hlapni fenoli v vinu (Curtin in sod., 2005: 28; Steensels in sod., 2015: 31) 
 Concentration in red wine (ppb) Sensory descriptor 
4-Vinylphenol 8.8–43  Phenolic, medicinal 
4-Vinylguaiacol 0.2–15  Clove-like 
4-Ethylphenol 118–3696 Medicinal, horsey 
4-Ethylguaiacol 1–432  Spicy, clove-like 
4-Ethylcatechol 27–427  Phenolic, medicinal 
 
The occurrence of VP in red wines, alongside with corkiness, oxidized, and reduced off-
flavours being among the most frequent wine defects (Goode et al., 2008), numerous reports 
deal with their origin in wine, microbiological and technological parameters impacting the 
VP content, the methods for their detection and prevention measures. Extensive research of 
this problem in wine industry points out that the main culprit for VP formation is the yeast of 
species D. bruxellensis or its anamorph B. bruxelensis. Actually, when present in wine, VP 
unpleasant flavours are the key indicators of the D. bruxellensis presence and its activity in 
wine (Steensels et al., 2015). In the last decade, numerous review papers have deeply studied 
and highlighted the topic of VP formation (Suárez et al., 2007, Wedral et al., 2010; Kheir et 
al., 2013; Steensels et al., 2015; Šućur et al., 2016; Agnolucci et al., 2017; Berbegal et al., 
2018; Malfeito-Ferreira, 2018). The metabolisms of D. bruxellensis yeast, which use HCA as 
precursors, involve the consecutive action of two enzymes (Figure 1). In the first phase, the 
HCD turns the phenolic acids into the corresponding hydroxystyrenes, (particularly 4-VP is 
formed by splitting of p-coumaric acid), while 4-VG is formed by splitting of ferulic acid. In 
the second phase, the final products, i.e. 4-EP and 4-EG are formed from the 4-VP and 4-VG, 
respectively, by the VR enzyme (Oelofse et al., 2009; Silva et al., 2011; Sáez et al, 2011). 
However, the decarboxylation step can be performed by a large number of yeast, fungi, and 
bacteria species (Edlin et al., 1995; Suezawa et al., 1995), while the second phase − the 
reduction step is still less frequent. It has been reported that species such as Dekkera 
bruxellensisis were the most efficient (Chatonnet et al., 1995, 1997), followed by Dekkera 
anomala (Edlin et al., 1995), Candida mannitofaciens, Candida versatilis, Candida halophila 
(Suezawa, 1995), and Pichia guilliermondii (Dias et al., 2003).   
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Figure 1: Conversion of hydroxycinnamic acids to respective volatile phenols (Steensels et al., 2015: 31) 
Slika 1: Pretvorba hidroksicimetnih kislin v ustrezne hlapne fenole (Steensels in sod., 2015: 31) 
 
There are many more reports on VP concentration in red wines, because of the lower acidity 
in white wines, their less frequent aging in oak and due to lack of maceration during 
fermentation process, which is more intensive during red wine fermentation process (Licker 
et al., 1999; Dias et al., 2003). Therefore, there are obvious differences in concentrations of 
vinylphenols and ethylphenols in red and white wines.  
 
Table 2: Ethyl- and vinyl-phenol concentrations in different wines (μg/L) (Chatonnet et al., 1992: 170) 
Preglednica 2: Koncentracije etil- in vinil-fenolov v različnih vinih (μg/L) (Chatonnet in sod., 1992: 170) 
Volatile phenols White wines 
n = 54 
Rose wines 
n = 12 
Red wines 
n = 83 
Vinyl-4-phenol    
Minimum 73 3 0 
Maximum 1150 215 111 
Mean 301 71 35 
Standard deviation (%) 79 99 75 
Vinyl-4-guaiacol    
Minimum 15 4 0 
Maximum 496 75 57 
Mean 212  17.5 12 
Standard deviation (%) 44 113 79 
Ethyl-4-phenol    
Minimum 0 0 1 
Maximum 28 75 6047 
Mean 3 20 440 
Standard deviation (%) 229 122 179 
Ethyl-4-guaiacol    
Minimum 0 0 0 
Maximum 7 15 1561 
Mean 0.8 3 82 
Standard deviation (%) 225 159 230 
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As it has been reported, white wines can contain a varying concentration of vinylphenols, but 
nearly no ethylphenols. Contrariwise, only small amounts of vinylphenols can be found in red 
wines, which have variable amounts of ethylphenols (Table 2). With regard to this, VP 
content in rose wines is between red and white wines (Chatonnet et al., 1992; 1993). 
Beside the yeast of species D. bruxellensis, which are the main cause of VP formation, there 
are also other parameters and impacts that should be considered. Taking into account that 
greater potential for VP formation is influenced by higher HCA content and the evidence that 
grapevine varieties differ in these phenolic compounds, various studies have compared VP in 
wines of various grape varieties (Pollnitz et al., 2000; Goldberg et al., 1998; Shinohara et al., 
2000; Nagel et al., 1979; Morel-Salmi et al., 2006; Pour-Nikfardjam et al., 2009). Beside the 
influence of grape variety, different 4-EP and 4-EG concentrations in wine depend on the 
applied viticulture techniques and winemaking technologies, as well as the grape maturity 
and clime conditions (Wedral et al., 2010). As it has been reported by Chatonnet et al. (1995, 
1997), LAB are able to produce significant content of vinylphenols, but may produce small 
amounts of ethylphenols in wine. In addition, it has been confirmed that certain non-
Saccharomyces yeast and LAB have ability to generate VP (Chatonnet et al., 1995; Fras et 
al., 2014). The Saccharomyces cerevisiae, yeast in charge of AF beside other contaminants 
found in wine (e.g. Pichia sp., Zygosaccharomyces sp., Torulaspora sp.), are also able to 
generate 4-VP, but have no ability to produce 4-EP (Chatonnet et al., 1993; 1995; Rodrigues 
et al., 2001). There is also an observation that during wine aging, VP content increases. High 
amounts of VP have been found in wines that have aged in old, multiple times used barrels 
(Chatonnet et al., 1992). In this case, oak wood is not accountable for the occurrence of 
volatile phenols in wine, but rather the yeast species such as: D. bruxellensis (Garde-Cerdán 
et al., 2002). Garde-Cerdán et al. (2008) have also studied the influence of geographical 
origin and wine composition on the VP accumulation in wines aged in barrels, concluding 
that the accumulation of VP depends on geographical origin of wines and on the alcohol 
content as one of the oenological parameters. Garde-Cerdán et al. (2010) reported that 
formation of VP from oak was influenced predominantly by the period of wine storage in oak 
barrels, whilst the geographical origin, oenological parameters and type of oak barrels did not 
influence VP accumulation. Dias et al. (2003) have shown that formation of 4-ethylphenol 
was inhibited by higher alcohol levels. Other parameters of wine composition (pH, alcohol 
content, free and total SO2, glucose and fructose concentrations) and storage conditions 
(temperature, type of vat, etc) have also been studied, showing significant impact on the 
metabolism of D. bruxellensis and consequently on VP formation (Silva et al., 2011; Dias et 
al., 2003; Rodrigues et al., 2001; Gerbaux et al., 2000; Kosel et al., 2014; Godoy et al., 2008). 
Concerning the odour thresholds of any odoriferous substances, it is accepted that the 
thresholds represent the minimum content at which 50% of trained panel can detect its 
presence in a model dilute alcohol solution. This case corresponds to the recognition 
threshold of odoriferous substances in wine. Therefore, the threshold of a substance 
represents the content above which the whole aroma of wine is affected. Chatonnet et al. 
(1992) firstly provided sensory threshold values, and these are nowadays still our reference 
values. Actually, Chatonnet et al. (1992), for Bordeaux red wines, have reported the 
concentration of 620 μg/L as a preference threshold for 4-EP, while in the case of mixture of 
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4-EP and 4-EG (10:1), the value is 426 μg/L. However, wines can contain high, medium, and 
no level of "Brett character" with average concentrations of 4-EP as follows: 3.00, 1.74 and 
0.68 mg/L (Licker et al., 1999). Based on the reports, threshold values varied from 230 to 650 
μg/L for 4-EP, while these values for 4-EG were from 33 to 135 μg/L. It is important to 
mention that there is significant difference in the general wine evaluation, as well as between 
the thresholds of detection (Chatonnet et al., 1992; Pour-Nikfardjam et al., 2009; Lattey et al., 
2010; Petrozziello et al., 2014). Regarding the 4-EC thresholds, various values have been 
reported: 60 μg/L, 100–400 μg/L, and up to775 μg/L in Cabernet Sauvignon wine (Curtin et 
al., 2008; Hesford et al., 2004; Larcher et al., 2008). The recently obtained results by Csikor 
et al. (2018) showed that after sensory evaluation of 260 samples of suspected wines and after 
profiling them analytically, two thresholds have been determined. For the 4-EP, threshold 
concentration was from 245 μg/L to 968 μg/L, considering that wines with concentration 
above 968 μg/L can be categorized as having the "Brett character". Besides, the perception of 
"Brett character" can also be influenced by the 4-EG/4-EP ratio (Petrozziello et al., 2014). 
According to their results, if this ratio is higher, the "Brett character" is less apparent. 
However, the results of Csikor et al. (2018) are not in agreement with this observation, since 
the main part of examined samples had a low 4-EG/4-EP ratio. In addition, it has to be 
mentioned that there are other thresholds published values, showing the impact of other 
factors, among which the wine matrix composition is the most important (Schumaker et al., 
2017). Wine’s very complex matrices and aromatic compounds affect each other. In addition, 
other D. bruxellensis metabolism products such as isovaleric and isobutyric acids (Steensels 
et al., 2015) also influence the perception of “horse sweat”. Tempère et al. (2016) have 
reported that 4-EP concentrations interfere with the perception of wine fruity aromas, but 
some other studies have demonstrated that VP could be masked by isobutyric and isovaleric 
acid (Romano et al., 2009). The alcohol level in wine can have an impact on the olfactory 
perception of VP in wine as well (Petrozziello et al., 2014). Another fact that should not be 
ignored is that the evaluation of wine "Brett character" by professionals also depends on the 
expert’s socio-professional characteristics, i.e. it has been observed that profession and 
academic degrees have a significant impact as well. It appears that winemakers and trained 
panel are more capable in detection, and this was not in correlation with their age, since both 
old and young tasters did not successfully identify flaws originated by the presence of 
ethylphenols (Tempère et al., 2014). These observations confirmed the expertise effect on 
wine sensory evaluations, which corresponds to the results by Schumaker et al. (2017), who 
presented that consumers can best discern wine samples from 500 μg/L to 1000 μg/L of 4-EP, 
which corresponds to the above cited ranges of detection threshold.  
Sensorial perception of volatile phenols is influenced by the grape variety used. Pollnitz et al. 
(2000) have found 4-EP in all 61 analysed samples of various commercially available varietal 
Australian red wines. Concentrations varied from 2 µg/L in Merlot wine to 2660 µg/L in 
Shiraz wine, with a mean value of 795 µg/L. The 4-EG has also been found in all the 
analysed red wines, with mean value of 99 µg/L, ranging from 1 µg/L (Pinot Noir) to 437 
µg/L (Merlot). The mean 4-EP/4-EG ratio has been approximately 3.5:1 for Pinot Noir, 8:1 
for Merlot, 9:1 for Shiraz and 10:1 for Cabernet Sauvignon wine (Wedral et al., 2010; Curtin 
et al., 2008), corresponding to the reports by Chatonnet et al. (1992; 1995). This ratio has 
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varied in other reports differently for every wine, ranging from 3:1 to above 40:1 (Steensels 
et al., 2015). These differences can still not be fully explained, although the reason for this 
are probably different ratios of VP precursors such as p-coumaric and ferulic acids, and the 
ability of certain strains of D. bruxellensis with higher capacity to produce VP compounds 
compared to others (Vigentini et al., 2008; Buron et al., 2012). Recently, Lima et al. (2018) 
have found that the 4-EP/4-EG ratio varies greatly from 1.5:1 to 47:1 in monovarietal wines. 
Actually, these variations were found very high even among wines made from the same grape 
variety. For example, this ratio varied from 1.5:1 to 9:1 in the wine of grape variety Vinhăo. 
Their results showed that for wines made of Cabernet Sauvignon and Syrah these ratios were 
approximately 5:1 and 10:1, respectively, while very high ratios have been determined for the 
wines made from Castelăo (15:1) and Trincadeira (37:1). 
2.2 Dekkera bruxellensis 
 
Niels Hjelte Claussen was the first who isolated and described the D. bruxellensis yeast from 
beer in 1904, at the Carlsberg brewery. This yeast was considered responsible for carrying 
out secondary fermentation and bringing specific flavours to the fine English beer-stock ales 
(Claussen, 1904). It is interesting that isolation of D. bruxellensis yeast represents the first 
microorganism that was patented in history (patent GB190328184 – UK). In the patent 
documentation, Claussen reported that the purpose of the D. bruxellensis yeast was its 
employment in producing English beers, i.e. ale, porter, and stout, in order to give the 
characteristic flavour specific to these beers. Claussen mentioned that not forming endospores 
was a feature of the D. bruxellensis yeast which differs from Saccharomyces. Later, in the 
last century, the D. bruxellensis role and different perceptions of its use have quite changed. 
The presence of D. bruxellensis is a requisite in beers produced by spontaneous fermentation 
(Verachtert, 1992) while in wine industry it is considered as one of the most undesirable 
microbes (Wedral et al., 2010). 
2.2.1 Main characteristics of Dekkera bruxellensis yeast 
Claussen called his isolate “Brettanomyces”, as it was first isolated in Great Britain, i.e. the 
word was derived from the Greek term Brettano, meaning “British brewer” and Myces –
“fungus”, and Claussen was the first who used name Brettanomyces to describe the species, 
which he attributed to the Torula genus (Avramova, 2017). Later, the same yeast was isolated 
from Belgian lambic beers by Kufferath and Van Laer in 1921, which had the same features 
as the one reported by Claussen, classified as Brettanomyces bruxellensis (Custers, 1940). 
Krumbholz and Tauschanoff (1933) were the first who detected this yeast in wine in 1930, 
while Custers in 1940 carried out the first detailed research on Brettanomyces bruxellensis, 
isolating and describing 17 different strains (Steensles et al., 2015). 
Kurtzman et al. (2011) have reported that regarding the D. bruxellensis yeasts morphology, 
their cells are polymorphic (ogival shaped, less or more cylindrical, or elongated – with size 
from 2 to 7 μm), usually forming pseudomyceliums. Besides, numerous D. bruxellensis 
strains can produce a surface film (Joseph and Bisson, 2004). D. bruxellensis spp. multiplies 
via multilateral budding or, much less frequently, through bipolar budding. During sexual 
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reproduction, they are form the asci containing from one to four ascospores (Fugelsang and 
Edwards, 2007). Besides, its morphology has a possibility to change, depending on different 
surrounding conditions (Aguilar Uscanga et al., 2000). When under stress, the D. bruxellensis 
cells can decrease in size, therefore filtration via membranes of 0.45 μm sometimes can be 
inefficient (Millet and Lonvaud-Funel, 2000). In the latest classifications, the genus 
Brettanomyces comprise yeast species for which sexual cycle hasn’t been observed and 
therefore only anamorphic species are included, whilst the genus name Dekkera comprise 
species which can form ascspores and include teleomorphic species. In literature, name of 
Brettanomyces is well-known among the winemakers and therefore it is usually used for 
spoilage organism Dekkera (Brettanomyces) bruxellensis. However, nowadays two species 
are included in genus Dekkera, Dekkera anomala and D. bruxellensis, but in the anamorphic 
genus species of B. custersianus van der Walt, B. naardenensis Kolfsch. & Yarrow, and B. 
nanus (M.T. Sm., Bat. Vegte & Scheffers) M.T. Sm., Boekhout, Kurtzman & O'Donnell, 
(Cocolin et al. 2004; Oelofse et al., 2008; Péter et al., 2017). Recently, Guzzon et al. (2018) 
have carried out a research on isolated D. bruxellensis strains from wines of Italian origin. 
They found high frequency of D. bruxellensis isolation, which is in agreement with previous 
research, i.e. with the fact that this genus is the most frequently found one in the 
environments such as wine (Cocolin et al., 2004; Wedral et al., 2010; Piškur et al., 2012; 
Agnolucci et al., 2017). 
So far, it has been found that D. bruxellensis yeasts exist in grapes i.e. on its berries, on 
equipment used during winemaking, wine, sherries, dairy products, cider, beer, sourdough 
bread, olives, tamarind (Nassereddin and Yamani, 2005), kombucha (Curtin et al., 2015), 
tequila (Lachance, 1995), ogi, tchoukoutou and gowé (Greppi et al., 2013). It has been 
reported that D. anomala can be found in soft drinks, cider and beer (Gray et al., 2011), but 
has not been found to be habitual in wine environment (Loureiro and Malfeito-Ferreira, 
2006), in comparison to D. bruxellensis, which is more common in wine. Besides the food 
production, these species have been found in bioethanol fermentation industry. However, 
fermentation environments are where these yeasts have mostly been found and reported. 
Some reports have observed these species isolations from carbonated beverages, flours, 
olives, and ground air level orchards fruit, bees and honeys, and tree exudates (Loureiro and 
Malfeito-Ferreira, 2006). They have occasionally been found in sparkling wines, which can 
be related with their resistance to CO2, which is higher in comparison to S. cerevisiae and 
Zygosaccharomyces bailli (Ison et al., 1987). In order to obtain a better understanding of the 
factors that influence the D. bruxellensis population structure, Avramova et al. (2018a) have 
explored the impact of geographical locations and different types of industrial fermentations 
on the genetic variance within D. bruxellensis population. The impact of geographic locations 
to the population structure was higher on the non-wine isolates, proposing that the wine 
associated strains are highly worldwide dispersed, and this is in contrast to S. cerevisiae 
strains, where geographic origin influence on the genetic variance of population has been 
perceived as a sign of local domestications (Almeida et al., 2015; Legras et al., 2007).  
D. bruxellensis species possess an ability to survive even in very severe conditions, such as 
high ethanol concentrations, which appear during the process of AF, and later on increased 
addition of sulphur dioxide (SO2). D. bruxellensis is also able to subsist in ecological niches 
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that are unoccupied by various other microorganisms, because of the desolation of these 
media, precisely by the appearance of various stressors, such as low pH, starvation and high 
ethanol content (Smith and Divol, 2016). 
Beside VP which are the main indicators of the D. bruxellensis activity, this species is able to 
produce: biogenic amines, acetic acid, isovaleric acid which is known to be responsible for 
cheesy aroma, tetrahydropyridines (2-ethyltetrahydropyridine, 2-acetyltetrahydropyridine, 
and 2-acetylpyrroline) resulting in mousy odour (Snowdon et al., 2006). These compounds 
are synthesized from lysine and ethanol, nonenal, guaiacol, and several short-chain fatty acids 
and their corresponding esters (Licker et al., 1999; Oelofse et al., 2008). Caruso et al. (2002) 
have detected the production of biogenic amines i.e. phenylethylamine in wine by five strains 
of D. bruxellensis species. Vigentini et al. (2008) and Agnolucci et al. (2009) have shown 
that several strains of D. bruxellensis can produce hexylamine, cadaverine, putrescine, 
phenylethylamine, and spermidine in wine-type conditions. 
From literature review, it is obvious that the yeast of D. bruxellensis species possess the 
ability to produce negative aroma features from grape phenolic precursors, and that typical 
negative odours have been described as medicinal, animal, barnyard, sweaty horse, smoky, or 
Band-Aid. More recent works have shown that extensive odour compounds are produced by 
this spoilage yeast using different substrates and different wine composition (Culleré et al., 
2004; Hesford et al., 2004). Certain characteristics were generally described as negative, and 
some others as positive, such as “floral” and increased varietal aromas. These wide aroma 
descriptors having been used for wines spoiled by D. bruxellensis, quite a few reports have 
dealt with independent isolates of this yeast, in order to assess the spectrum of produced 
aroma compounds (Joseph et al., 2013; Joseph et al., 2015). As a result of these reports, 44 
aroma active compounds have been identified and are presented in Table 3 (Joseph et al., 
2017), as well as their dependence on substrate and strain, i.e. on both or neither of these 
factors.  
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Table 3: Chemical compounds produced by different strains of Dekkera bruxellensis and the aromas they 
produce (Joseph et al., 2017: 14) 
Preglednica 3: Kemijske spojine, ki jih tvorijo različni sevi Dekkera bruxellensis, in arom, ki jih proizvajajo 
(Joseph in sod., 2017: 14) 










2-Ethyl-1-hexanol 104-76-7  Alcohol Yes No Yes Citrus, floral 
2-Methyl-1-butanol 137-32-6  Alcohol Yes  No  Yes  Canned fruit, plastic 
3-Methyl-1-butanol (isoamyl)  
123-51-3 Alcohol  No  No  Yes  Banana, whiskey, chemical 
4-Ethyl guaiacol 2785-89-9  Phenolic  Yes  No  Yes  Smoky, clove, spice, phenolic 
4-Ethyl phenol 123-07-9  Phenolic  Yes  No  Yes  Phenolic, creosote, band-aid 
Ethyl 2-methyl butyrate 7452-79-
1 Ester  Yes  Yes  Yes  Mint, citrus, green apple 
Phenethyl alcohol 60-12-8  Alcohol  No  No  Yes  Floral, rose 
1-Decanol 112-30-1 Alcohol  Yes  Yes  Yes  Waxy, floral, orange 
1-Octanol 111-87-5  Alcohol  Yes  Yes  Yes  Citrus, waxy, aldehydic, floral 
2-Methyl butyric acid 116-53-0  Fatty acid  Yes  Yes  Yes Blue cheese, rancid 
2-Nonanone 821-55-6  Ketone  No  No  Yes  Fruity, soapy, herbaceous 
3-Methyl butyric acid (isovaleric) 
503-74-2 Fatty acid Yes  Yes  Yes  Sweaty feet, cheese 
Acetic acid 64-19-7 Organic acid No Yes Yes Vinegar, sour 
β-Farnesene 18794-84-8 Terpene Yes  Yes  Yes Woody 
Butanol 71-36-3 Alcohol Yes  No Yes Alcohol 
Decanoic acid 334-48-5 Fatty acid Yes No Yes Rancid, sour, fatty 
Ethyl acetate 141-78-6 Ester No Yes Yes Pear, apple, nail polish remover 
Ethyl decanoate 110-38-3 Ester Yes  Yes  Yes Fruity, apple, waxy 
Ethyl dodecanoate106-33-2 Ester Yes  Yes  Yes Soapy, rum, clean 
Ethyl isobutyrate 97-62-1 Ester Yes No Yes Fruity, rum 
Ethyl octanoate106-32-1 Ester  No  No  Yes  Fruity, pineapple, apricot 
Ethyl tetradecanoate 124-06-1 Ester  Yes  No  Yes  Waxy, violet 
Isobutyric acid 79-31-2 Fatty acid Yes  Yes  Yes Rancid, cheese 
Octanoic acid 124-07-2 Fatty acid Yes  No  Yes  Rancid, cheesy 
Pentanoic acid 109-52-4 Fatty acid No  No  Yes Putrid, rancid, sweat, cheese 
Phenethyl acetate 103-45-7 Ester Yes  Yes  Yes Floral, rose, honey 
Phenethyl propionate 103-52-6 Ester No  Yes  Yes Musty, floral, yeasty 
Phenylacetaldehyde 122-78-1 Aldehyde No  Yes  Yes Floral, honey 
2-Methoxy-4-vinylphenol  
7786-61-0 Phenolic Yes  Yes  No Woody, cedar, roasted nuts 
4-Methoxyphenethyl methanol  
105-13-5 Alcohol Yes  Yes  No Floral, balsamic, fruit, anise 
Amyl octanoate 638-25-5 Ester Yes  Yes  No Wine, elderflower, orris 
Bisabolene 495-62-5 Terpene Yes  Yes  No Woody, citrus, tropical fruit, green banana 
Butyric acid 107-92-6 Fatty acid Yes  Yes  No Fruity, cheesy, acetic 
Ethyl butyrate 105-54-4 Ester Yes  Yes  No Tutti-frutti, pineapple, cognac 
Ethyl isovalerate 108-64-5 Ester Yes  No No Fruity, esters, sharp, pineapple 
Ethyl valerate 539-82-2 Ester Yes  Yes  No Tropical fruit, strawberry, pineapple 
Heptanoic acid 11-14-08 Fatty acid Yes  Yes  No Fatty, animal 
Isoamyl alcohol 125-51-3 Alcohol No No No Fruity, banana, whiskey 
Nonanal 124-19-6 Aldehyde Yes  Yes  No Citrus, waxy, melon, aldehydic 
Ocimene 502-99-8 Terpene Yes  Yes  No Fruity, floral, wet cloth 
Octyl butyrate 110-39-4 Fatty acid ester Yes  Yes  No 
Fruity, oily, fresh or green, 
earthy 
Pentyl formate 638-49-3 Ester Yes  Yes  No Fruity, unripe banana, earthy 
Phenethyl formiate104-62-1 Ester Yes  Yes  No Floral, green, watercress, hyacinth 
Undecanoic acid 112-37-8 Fatty acid No  Yes  No Creamy, fatty coconut 
*Aroma descriptors derived from The Good Scents Company website: http://www.thegoodscentscompany.com/ 
 
Recently, Joseph et al. (2017) designed a Brettanomyces aroma wheel in order to define 
specific product-precursor relationships as well as to confirm the production of odour-active 
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compounds. The aroma wheel did not contain all displeasing aromas such as leather, earthy, 
savoury, woody or spicy, even though these aromas may also be found in high quality red 
wines. The authors have also tested this wheel by analysing 30 commercial wines that had 
aroma features presented in the aroma wheel, on the presence of microbial spoilage. All the 
analysed wines were positive on microbial spoilage organisms, with some wines showing 
only D. bruxellensis contamination; others showed only presence of LAB, while most wines 
had an active LAB contamination. These results may indicate that both of these spoilage 
microbial classes can produce same odour compounds from amino acid precursors, as has 
previously been reported for the mousy trait derived from lysine (Heresztyn, 1986).  
2.2.2 Dekkera bruxellensis and the grape microbiota 
The diversity of grape microbiota, i.e. of yeast species, has been investigated in vineyards 
from all over the world (Rosini et al., 1982; Yanagida et al., 1992; Prakitchaiwattana et al., 
2004; Combina et al., 2005; Raspor et al., 2006; Nisiotou and Nychas, 2007; Renouf et al., 
2007a) and some preceding reviews have treated this subject (Fleet et al., 2002). There is a 
broad number of different factors affecting incidence of D. bruxellensis yeasts, such as 
temperature, rainfall, use of fungicides, altitude, and grape ripeness (Boulton et al., 1996). In 
a comprehensive study of Renouf et al. (2007a), 52 yeast species of 22 genera have been 
identified, using direct DNA profiling of grape surface and these yeast include the following 
genera: Auriculibuller, Aureobasidium, Bulleromyces, Brettanomyces, Cryptococcus, 
Candida, Debaryomyces, Hanseniaspora, Issatchenka, Kluyveromyces, Lipomyces, 
Metschnikowia, Pichia, Rhodotorula, Rhodosporidium, Saccharomyces, Sporobolomyces, 
Sporidiobolus, Torulaspora, Yarrowia, Zygosaccharomyces, and Zygoascus. Yeasts are 
dispersed between the grapes by wind and insects which are visiting grape surface from the 
beginning of the ripening moment (Lafon-Lafourcade, 1983). During grape maturation, the 
yeast number increases, and closer to the peduncle, this number is higher by one or two 
orders of magnitude (Rosini et al., 1982). Also, the effect of vintage has been observed, 
reporting that warmer and dryer years bring an increased number of yeast populations 
(Rementeria et al., 2003). Furthermore, moulds such as Botrytis break through the surface of 
grape berries, releasing the nutrients and in this way influencing the present microbial flora 
on the grape surface (Nisiotou and Nychas, 2007; Sipiczki, 2006). A grape berry may contain 
from 104 to 106 microbial cells depending on maturity stage, size and sanitary state (Mortimer 
and Polsinelli, 1999; Renouf et al., 2005a). 
A few dominant species represent the microbiota of grape, while other minor ones are rarely 
observed. The most important factor determining the presence of species on grape berry 
surface is the damage level of grape berry. Sugar substrates leakage as a consequence of 
physical damage by insects, invasive fungal species, birds, draught, or simply the over-
maturation of berries, makes a convenient environment for the ascomycetes (Fleet et al., 
2002; Prakitchaiwattana et al., 2004). The quantity of this natural leaking substrate varies 
within the grape varieties, depending on the bunch tightness, and there are studies indicating 
a strong correlation between grape variety and the grape surface biodiversity (Yanagida et al., 
1992). While most of the present species found on the grape surface (Aureobasidium 
pullulans, Cryptococcus sp., Sporobolomyces sp., and others) do not have a major role later 
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in the process of winemaking, they are still considered a key factor of the grape ecosystem 
maintenance (Renouf et al., 2005a). 
D. bruxellensis is more frequently found on ripe grape berries, i.e. at harvest time, than 
during the berry growing stage, while it is still green and immature (Renouf and Lonvaud-
Funel, 2007). Besides, Barbin et al. (2007) reported that D. bruxellensis allocation is related 
to the land's topography (physical configuration) or its surrounding. Microclimate influence, 
particularly moisture and freshness, constitute the two fundamental parameters in microbial 
development and increase the probability of D. bruxellensis (Barbin, 2006). Also, Barbin 
(2006) has noticed the simultaneous existence of Botrytis and D. bruxellensis on grapes. 
There are no data about simultaneous presence of D. bruxellensis and other microorganisms, 
which are usually found on grape surface, such as acetic acid bacteria, Aspergillus sp. and 
Penicillium sp. The D. bruxellensis presence on berries can be limited by using anti-Botrytis 
treatment that contains procymidone. Procymidone, as well as benomyl, dichofluanide, 
vinclozoline, and iprodione are active compounds present in vine antifungal treatments with 
inhibiting properties to yeast (Sturm et al., 2006). This could support the fact that VP 
production by D. bruxellensis is less common during the early phases of winemaking, when 
treatments for D. bruxellensis inhibition are done. Recent study by Kosel et al. (2018) 
showed that spoilage yeasts, such as Pichia membranifaciens, Meyerozyma guilliermondii 
and Dekkera bruxellensis were tolerant to the used fungicides concentration (iprodione, 
pyrimethanil and fludioxonil plus cyprodinil) greater than it was recommended by the 
suppliers. However, the hypotheses about the relation between D. bruxellensis and Botrytis 
are still uncertain, but the grape health status should be considered when investigating the 
occurrence of D. bruxellensis. Increase of D. bruxellensis growth on the grape berry can be 
enhanced by liberating nutrients from the damaged grapes (Mortimer and Polsinelli, 1999). 
Therefore, when considering the occurrence of D. bruxellensis on grapes, both should be 
considered: the antifungal treatments and the physical state of grapes. 
2.2.3 Dekkera bruxellensis growth conditions 
Even though D. bruxellensis and S. cerevisiae share similar ecological niche, they also have 
some interesting differences regarding their phenotypic and physiology traits. They both 
share some unexpected and quite unusual features, such as high resistance to ethanol and 
osmotic stress, and development in oxygen-limited environments and low pH, which enables 
them to progress in environments with ongoing alcoholic fermentation. These features can be 
found in all yeast genera, but they are rarely present together in one species (Piškur et al., 
2006). Environmental factors are the most important ones, influencing the evolution and 
fermentation patterns of D. bruxellensis. Among these, it is very important to pay attention to 
the influence of temperature, oxygen concentration, carbon and nitrogen source, ethanol 
stress, and sulphur dioxide (SO2). 
2.2.3.1 Oxygen effect 
The behaviour of D. bruxellensis is strongly influenced by the availability of oxygen. In 
aerobic conditions, D. bruxellensis spp. has a tendency to produce high amounts of ethanol 
from fermenting sugars. This characteristic is known as the Crabtree effect and it only occurs 
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when sugar concentrations are high, helping the “make–accumulate–consume” pattern, where 
yeasts firstly produce ethanol in order to prevent the competing microbes’ growth and later 
respire the ethanol content when glucose is exhausted (De Deken, 1966). Moreover, D. 
bruxellensis seems to have an additional plan to overgrow other wine microbes. They are also 
capable to produce, beside ethanol, high amounts of acetic acid in aerobic conditions, and to 
survive in environments with low pH value; all D. bruxellensis spp. share this phenotype 
(Steensels et al., 2015). The presence of oxygen stimulates D. bruxellensis growth, which 
subsequently stops due to the inhibiting effect of acetic acid. Under fully aerobic conditions, 
it has been noticed that D. bruxellensis lose viability after 200 h (Ciani and Ferraro, 1997). 
Du Toit et al. (2005) have shown that oxygen presence reduces the sensitivity of D. 
bruxellensis to SO2 and that this characteristic is also strain dependent. On the other hand, 
semi-aerobic conditions induce a decrease in the acetic acid production. Rozpędowska et al. 
(2011) have reported that all D. bruxellensis species, except B. naardenesis, can also grow in 
anaerobic conditions and therefore belong to the group of facultative anaerobic and Crabtree-
positive yeast, just like S. cerevisiae. 
It has been revealed that Pasteur effect, which has been observed in Saccharomyces spp., 
meaning that in conditions when oxygen is available and the amount of sugar is low, yeast 
prefer respiration to fermentation, has not been observed for D. bruxellensis. Actually, D. 
bruxellensis carbohydrate metabolism undergoes a “negative Pasteur effect”, meaning that 
the glucose fermentation to ethanol is blocked in total oxygen absence and is stimulated in 
oxygen presence (Barnett and Entian, 2005). Mathieu Custers, a student in Albert Kluyver's 
lab in Delft, was the first to describe this negative Pasteur Effect (Custers, 1940). These 
results were later analysed and confirmed by Scheffers (1961), who defined this phenomenon 
as the inhibition of AF during change to anaerobic conditions, underlining that this is 
common to all D. bruxellensis species and suggesting it as a genus taxonomy criterion 
(Scheffers, 1961). It has been reported that without oxygen (7−8 h), these species adapt to the 
new anaerobic conditions and growth again, but slowly with lower ethanol production (Ciani 
and Ferraro, 1997). Benigno et al. (2013) have also confirmed the existence of Crabtree effect 
on D. bruxellensis in the presence of low glucose concentration, and noticed a linear relation 
between cell viability and production of acetic acid.  
2.2.3.2 Carbon, nitrate, and other energy sources 
One of the important factors having a decisive influence on the success rate of yeast in 
fermentation media is the availability of nitrogen and carbon sources. It has been proposed 
that D. bruxellensis exploit available nitrogen (N) sources more efficiently in comparison to 
S. cerevisiae (Conterno et al., 2006; de Barros Pita et al., 2011). Also, in comparison to S. 
cerevisiae yeast, Dekkera bruxellensis is capable to consume nitrate as the only type of 
nitrogen source, and is able to co-absorb it along with other types of nitrogen sources (de 
Barros Pita et al., 2011). During the anaerobic conditions in AF nitrate presence enables the 
acetic acid production, while at the same time stopping the Custers effect. Moreover, 
Steensels et al. (2015) have reported that the principal substance is acetic acid and not 
ethanol, produced from glucose in aerobic conditions and in cases when only nitrate is 
present as nitrogen source. Also, adding ammonium sulphate or extract of the yeast into the 
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medium is considered to make suitable conditions for D. bruxellensis growth (Aguilar 
Uscanga et al., 2000). Similarly, there are vitamins (thiamine and biotin) positively 
influencing the growth of this organism (Loureiro and Malfeito-Ferreira, 2006).  
Observations regarding the fact that D. bruxellensis is not nutritionally demanding, and has 
ability to grow using other sources beside the fructose and glucose (Aguilar Uscanga et al., 
2000; Conterno et al., 2006) have also been confirmed by Coulon et al. (2009). Most of the 
D. bruxellensis strains can grow on monosaccharides such as fructose, glucose, and galactose 
or on the disaccharides cellobiose, maltose, trehalose, and sucrose (Conterno et al., 2006), 
and when developed in media rich in glucose, they produce large contents of acetic acid. 
Also, it has been noticed that when D. bruxellensis was growing in glucose-free media, it 
demonstrated relatively low growth rate in comparison to other yeasts in wine like Z. bailii 
and S. cerevisiae (Rodrigues et al., 2001). Recently, Chandra et al. (2015) have found that 
utilization of fructose and glucose in fermentations spoiled by D. bruxellensis was faster, and 
higher acetic content has been determined, as expected, since in this kind of conditions 
D. bruxellensis produces acetic acid (Ciani et al., 1997). D. bruxellensis has the ability to 
absorb different kinds of carbon sources, doing it at very different paces. It has been reported 
that D. bruxellensis is able to absorb fructose and maltose, but slower in comparison to 
glucose (Leite et al., 2013; de Barros Pita et al., 2013). It has also been found that in synthetic 
medium with high ethanol content, D. bruxellensis ferments fructose as one of the preferred 
sources of carbon (Vigentini et al., 2008). However, it has the ability to propagate in 
conditions with high levels of alcohol and with very small content of fermentable sugars, less 
than 300 mg/L of glucose (preferred energy source for its growth). Sturm et al. (2015) have 
presented that 210 mg/L of sugars (trehalose, fructose, and glucose) was sufficient content for 
growth of D. bruxellensis. Consumption of sugars was performed during the first phase of 
growth, and fructose and glucose were consumed faster in comparison to the trehalose. The 
ability to consume the galactose seems to vary depending on the strain of D. bruxellensis 
(Crauwels et al., 2014). Guilloux-Benatier et al. (2001) have also studied the D. bruxellensis 
growth in synthetic media with autolysed S. cerevisiae, noticing that such conditions facilitate 
their growth, even when content of glucose was below 150 mg/L. It is important to note that 
D. bruxellensis is capable to ferment and degrade complex sugars that are not easily usable 
by the Saccharomyces spp., such as dextrins and cellobiose. Besides, D. bruxellensis can 
produce an enzyme, β-glucosidase which has the ability to degrade a disaccharide 
(cellobiose), representing a second-generation of bioethanol substrates and wood (Moon et 
al., 2001). It has also been reported that Dekkera intermedia and Brettanomyces custersii can 
metabolize a disaccharide – cellobiose formed by cellulose repeating unit (wood structural 
polysaccharide) (Suárez et al., 2007). 
2.2.3.3 Response to SO2  
In microbial contamination prevention, the most frequently used preservative is SO2, 
representing the traditional antimicrobial compound utilized in winemaking in order to 
supress the D. bruxellensis. Longin et al. (2016) carried out an extensive research on D. 
bruxellensis response to SO2, and there have been numerous reports related to developed 
surviving strategies which include acetaldehyde production, active sulphur efflux, sulphur 
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reduction, and the capacity to get into a state described as viable but not cultivable (VBNC) 
(Divol et al., 2012; Serpaggi et al., 2012; Capozzi et al., 2016). In the physiological state 
VBNC, the cells are a part of microbial flora but show very low metabolic activity levels and 
do not possess the ability to multiply or grow in non-selective media, but may resume normal 
growth later (Millet et al., 2000). This kind of state is more expressed in bacteria, but less 
reported in yeasts (Steensels et al., 2015). Regarding the inactivation influence of SO2 on 
D. bruxellensis, reports are in general quite contradictory (Chatonnet et al., 1992; Gerbaux et 
al., 2002; Barata et al., 2008a). It has been noted that sensitivity to the SO2 is strain dependent 
(Du Toit and Pretorius, 2005; Conterno et al., 2006). Maximum variation among the 41 
D. bruxellensis isolates tested to the sulphite tolerance was in the range over a 5-fold (Curtin 
et al., 2012). In general, minimum concentration of molecular SO2 required for cancelling 
D. bruxellensis proliferation turned out being 0.625 mg/L (Henick-Kling et al., 2000). 
Vigentini et al. (2013) have confirmed significant existence of intra species variability and 
distinguished two strains that have the ability to tolerate molecular SO2 up to 0.6 mg/L. 
Concerning this variability of strain resistance, observation by some authors confirmed the 
yeast growth when the level of SO2 was above the 30 mg/L (Froudière and Larue, 1988). 
These discrepancies are probably caused by the efficiency of molecular SO2 form, rather than 
by the free SO2 form, i.e. molecular SO2, hydrogensuphite, and sulphite (Boulton et al., 
1996). Effectiveness of molecular form is influenced by differences in wine physico-chemical 
parameters (pH, temperature, ethanol, anthocyanins level, and nutrient amount) (Oelofse et 
al., 2008). Du Toit et al. (2005) have found that oxygen availability impacts the efficiency of 
molecular SO2 form on D. bruxellensis. There is a proposed free SO2 level of 60 mg/L, if we 
consider the relation of parameters such as pH, free SO2, and molecular SO2, for wine with 
pH 3.80 and temperature 15 °C (Sudraud et al., 1985). Barbe et al. (2000) have reported that 
the efficiency of SO2 depends not only on the pH, but also on the phenolic compounds 
content. Recently, Malfeito-Ferreira (2018) reported that in regard to the activity of SO2, 
molecular form is the active one, so if the pH is lower, the molecular SO2 proportion is 
higher. Besides, the values of free sulphite in red wine could be higher, but it should be 
considered that given values probably refer to the part of sulphite bound to the anthocyainins, 
which are also determined as a free form of sulphite using titration methods. The content of 
free SO2 has to be related to the pH and their combination in wine. However, research by 
Agnolucci et al. (2014) has shown that high molecular SO2 concentrations of 1.4 mg/L were 
not able to cause VBNC state of D. bruxellensis, whereas only concentrations of molecular 
SO2 higher than the value of 2.1 mg/L were adequate to eliminate D. bruxellensis. Chandra et 
al. (2014) have examined the impact of ethanol, SO2, and glucose on the growth of one 
D. bruxellensis strain and VP formation. They pointed out that concentrations of SO2 higher 
than 20 mg/L with pH 3.50 caused prompt decrease of cells cultivability, even if the growth 
of alcohol level was permissive. The increased antimicrobial impact of sulphites in ethanol 
solutions has also been observed (Sturm et al., 2014; Chandra et al., 2015). This phenomenon 
could be explained due to the cell membrane thinning influenced by ethanol presence, in this 
way affecting the permeability of cell wall (Vanegas et al., 2010). It has recently been found 
by Guzzon et al. (2018) that SO2 level of 30 mg/L decelerates the growth of D. bruxellensis, 
but the concentration level of 60 mg/L was not sufficient to successfully discontinue their 
growth. Also recently, Csikor et al. (2018) have found that wines with "Brett character" 
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showed lower free and total SO2 concentration, demonstrating the importance of sulphiting as 
a tool against spoilage by D. bruxellensis. 
Another possible adaptation to SO2 is the change of morphological traits observed within 
D. bruxellensis strains. These changes represent creating pseudomycelium structures, which 
were also found to be highly strain dependent (Aguilar Uscanga et al., 2000; Echeverrigaray 
et al., 2013). Pseudomycelium growth is distinguished by cell elongation; due to the 
mechanism, which controls cell division and later becomes impaired (Dickinson, 2008). This 
occurrence has been extensively described within other yeast species, like C. albicans and 
S. cerevisiae and the morphological changes to pseudomycelium are supposed to be linked 
with consumption of some media nutrients, mostly glucose and nitrogen (Sudbery, 2011). 
Research performed by Aguilar Uscanga et al. (2000), has additionally outlined cell 
morphology changes due to the lack of nutrients, such as yeast extract and ammonium 
sulphate. Recent study by Louw et al. (2016) did not support these hypotheses, showing that 
occurrence of pseudomyceliums is independent on sugar limitations, with nitrogen limitation 
also confirmed not to be accountable for this phenomenon.  
Vigentini et al. (2013) have noted that D. bruxellensis manifest formation of pseudomycelium 
under the SO2 exposure. However, these results are not consistent, because pseudomycelium 
has been observed by some authors only in the absence of SO2 (Echeverrigaray et al., 2013). 
All these differences in reporting literature may be the consequence of the high level of strain 
variability and differences in SO2 tolerance that is related to D. bruxellensis. Recently, Louw 
et al. (2016) carried out a research on cell morphology among three different D. bruxellensis 
strains, isolated from several geographic areas, and followed their evolution gradually, in 
synthetic wine medium under characteristic stress and growing conditions with addition of 
SO2. Their study has indicated that pseudomycelium evolution and occurrence is non-
dependent on the SO2 presence, and significant slowdown of pseudomycelium formation has 
been noticed when SO2 was added. These inconsistencies could possibly be assigned to 
D. bruxellensis strain differences and different concentrations of SO2 used in the course of the 
study (Curtin et al., 2012). Moreover, Louw et al. (2016) have found decrease in cell size 
(22%) for one strain as a response to SO2, which is in agreement with preceding study by 
Serpaggi et al. (2012). It is also important to note that Louw et al. (2016) have reported the 
damage caused to cell walls of D. bruxellensis in the presence of SO2 with the level of cell 
wall changes seeming to rise with the addition of SO2, indicating a degree of tolerance to 
SO2. These authors have also reported that cell surface recovered, and its appearance was 
similar again to that before SO2 exposure, clearly showing that cells were capable to 
“rehabilitate” after damaging. All these data have confirmed the wide diversity in reporting 
literature concerning this yeast species, and that SO2 influences several aspects such as cell 
size, viability, proliferation, and cell development. One of the studies that confirm 
D. bruxellensis strain dependency to SO2 content has recently been performed by Avramova 
et al. (2018b) showing that at least one group composed of wine isolates is highly tolerant to 
SO2, making them clearly divergent from other determined clusters. 
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2.2.3.4 Temperature and ethanol  
It is well known that temperature and ethanol content are parameters with the ability to 
hamper the D. bruxellensis growth to the levels commonly determined in wineries (Guzzon et 
al., 2011; Echeverrigaray et al., 2013; Francesca et al., 2014; Di Toro et al., 2015). 
Temperatures necessary for optimal D. bruxellensis growth rates usually vary from 25 ˚C to 
28 ˚C (Fugelsang and Edwards, 2007; Zuehlke and Edwards, 2013). Benito et al. (2009) have 
proven that yeast ingests considerable quantity of p-coumaric acid at temperatures between 
20 ˚C and 30 ˚C. These results are not in agreement with the results obtained by Ganga et al. 
(2011) which have indicated that temperatures from 16 ˚C to 28 ˚C brought the decrease of 
HCD activity. Recently, Guzzon et al., (2018) have shown that the exposure of 
D. bruxellensis strains to the temperature of 20 ˚C caused a slowdown in yeast growth, while 
at temperatures of 20 ˚C to 25 ˚C, growth did not vary significantly. Kosel et al. (2014) have 
demonstrated that the growth and VP formation by the yeast D. bruxellensis and S. cerevisiae 
were strongly reduced with 10% of ethanol. There are studies, which indicate that ethanol 
formation, growth and metabolism are considerably affected by temperature (Brandam et al., 
2008; Blomqvist et al., 2010). Ganga et al. (2011) have carried out a research related to the 
impact of interaction among the content of ferulic acid, p-coumaric acid and ethanol, as well 
as temperature, on the HCD activity production and putative gene expression that encodes the 
activity of HCD. Their obtained results are similar to those achieved by Dias et al. (2003), 
who have presented that even D. bruxellensis shows basic HCD activity; it is necessary to 
add ethanol to the culture media in order to increase VP production. Ganga et al. (2011) also 
found that ethanol and temperature are variables having a statistically significant influence on 
the HCD activity. They have found that in a culture medium with 10% of alcohol and 22 ˚C, 
the yeast on average assimilated no more than 38% of the p-coumaric acid, but in a medium 
with 3% of ethanol, out of the initial concentration of p-coumaric acid, 74% was assimilated 
by the yeast, and identical results were obtained at 16 ˚C. Blomqvist et al. (2010) have shown 
that the D. bruxellensis CBS11269 strain metabolism was slightly influenced by temperatures 
from 25 ˚C to 37 ˚C, even if pH values varied. Regarding the ethanol influence, most 
D. bruxellensis strains have shown a high resistance. In comparison to the most strains of 
S. cerevisiae, D. bruxellensis is a bit more sensitive (Barata et al., 2008b). This author has 
also reported that D. bruxellensis showed tolerance to high ethanol levels (14.5–15 vol.%). 
This limit, which allows D. bruxellensis growth, depends on strains and on wine chemical 
parameters, such as concentration of free sulphite and pH (Sturm et al., 2014). In a recent 
study by Guzzon et al. (2018), it has been demonstrated that pH values typical for wine 
conditions (3.0–3.5) did not influence the growth of D. bruxellensis. Also recently, Csikor et 
al. (2018) have found that ethanol content, total acidity, total sugar content, and total dry 
matter did not show any differences within examined wines, confirming that D. bruxellensis 
possesses a high tolerance for environmental conditions and substrates. It has been shown 
that ethanol content exerts a significant influence on each enzyme activity that converts HCA 
to their corresponding VP. Godoy et al. (2008) have demonstrated that in a medium with 10 
or 12% ethanol (v/v), activity of HCD considerably diminishes after only few minutes of 
yeast incubation, whereas after 1 h HCD activity is completely over. Meanwhile the activity 
of VR in the 10 and 12% ethanol (v/v) diminishes by 80 and 88%, respectively. It has also 
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




been shown that in the presence of over 15% ethanol (v/v), D. bruxellensis was not able to 
transform p-coumaric acid into 4-EP, pointing out that there was no activity of CD and VR, 
but enzymatic activities of decarboxylation and/or reduction in low (5–10%) and no (0%) 
ethanol concentrations were favoured (Benito et al., 2009). Guzzon et al. (2018) have shown 
that a final concentration of ethanol from 120 to 150 mL/L reduced growth of all studied 
D. bruxellensis strains.  
2.2.4 Methods for Dekkera bruxellensis detection 
D. bruxellensis detection in wine has been proven as difficult to perform in a cost-effective 
way, timely, and accurately. Nowadays, microbiological methods are accessible to detect 
D. bruxellensis frequently, involving highly specific molecular methods (Röder et al., 2007; 
Agnolucci et al., 2007; Longin et al., 2016). Plate counting on selective media, as a 
traditional method, was supposed to be the most common and suitable technique, but since 
D. bruxellensis showed slow generation rate, this technique is the least reliable one 
(Rodrigues et al., 2001). Besides, cells that enter the VBNC complicate quantification of 
contamination levels (Divol et al., 2005; Millet et al., 2000). Nevertheless, a number of 
wineries do not possess methodical wine microbiology control, and the majority of present 
accurate detection methods are not easily accessible to them. Equipment for even the simple 
methods such as plate counting, sophisticated instruments (e.g., real-time polymerase chain 
reaction (PCR), fluorescence microscope, flow cytometer) and the necessity for trained staff 
are still hardly accessible for medium and small wineries. Therefore, external support turned 
out as a solution to many wineries to deal with the problem related to the activity of 
D. bruxellensis in order to avoid further economic losses. 
There are two levels when microbiological testing should be considered and analysis 
performed; in a sample when the wine is in bulk (tanks or oak barrels) and in the bottled 
wine. If a wine sample comes from bulk wine, it is not essential to eliminate cells of 
D. bruxellensis completely, but to make sure that activity i.e. contamination level is low 
enough to produce VP (Malfeito-Ferreira, 2018). When the wine is bottled, it is much harder 
to find a solution, because if there is just one viable cell in a bottle, it may be the reason for 
spoilage. Several selective growth media have been established in order to manipulate the 
content and type of antimicrobial agents and nutritive sources to terminate other species of 
yeast and bacteria growth (Wright and Parle, 1974; Chatonnet et al., 1992; Mitrakul et al., 
1999). However, these culture mediums have been described as being efficient in the 
D. bruxellensis separation from different genera of yeast (Davenport, 1980). Other 
researchers have also reported that the basic fuchsin dye has the ability to determine 
Brettanomyces anomalus (Fung and Liang, 1990). Rodrigues et al. (2001) have developed a 
selective medium such as the differential Brettanomyces/Dekkera Medium (DBDM) to 
efficiently recover D. bruxellensis species in environments similar to wine. This medium 
turned out to be partly selective and very differential for D. bruxellensis spp. The results 
achieved for this medium were based on colony morphology, growth time, production of off-
odours, and colour change. However, the results proposed the presence of low relative 
D. bruxellensis spp. populations even in wines that were contaminated by fast-growing 
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moulds and yeasts. Besides, these formulated novel enrichment mediums enabled its 
separation from grape berry surface (Renouf and Lonvaud-Funel, 2007). 
It has been shown that fluorescence microscopy can accurately and quickly distinguish 
D. bruxellensis, which was formerly probed by fluorescent marker in order to search for a 
segment of their 26S ribosomal RNA (Stender et al., 2002). This yeast can also be determined 
if fatty acids are removed from cell membranes, and after derivatization to methyl ester form, 
the amount and type of each can be quantified using gas chromatography (GC) (Malfeito-
Ferreira et al., 1997; Sancho, et al., 2000). Additionally, methods that use biosensors 
(Cecchini et al., 2012; Manzano et al., 2016) and dot blot hybridization (Cecchini et al., 
2013) have also been developed. Eventually, several methods using spectroscopy, such as 
Fourier transform mid-infrared (Oelofse et al., 2010) and Raman (Rodriguez et al., 2013), in 
combination with chemometrics were composed in order to identify D. bruxellensis, although 
there were no applications in wine so far.  
In the last two decades, new methods for detection have been developed, based on 
identification of nucleic acids, RNA and DNA. DNA as molecule has ability to remain stable 
for a long time after the death of cell, so that even if the microorganism is not alive it can be 
noticed. This is very important, especially in this case because only cells that are viable can 
start the spoilage (Agnolucci et al., 2017). Therefore, the most frequent solution for 
identification of D. bruxellensis is the PCR approach. Mitrakul et al. (1999) have identified 
D. bruxellensis isolated from wine using the electrophoretic karyotype determination and 
random amplification of polymorphic DNA. The first developed PCR protocols were by Egli 
and Henick-Kling (2001), and further research on PCR was coupled with some other 
molecular methods aimed at different particular species among the genius (Cocolin et al., 
2004). Besides, based on determined internal transcribed space regions among ribosomal 
RNA genes, it has been found that they are variable enough by identifying as many as four 
species of D. bruxellensis (Egli and Henick-Kling, 2001).  
For differentiation of D. bruxellensis and B. anomalus there are particular protocols that use 
some primers which make amplification only with D. bruxellensis species (Cocolin et al., 
2004). Additionally, Delaherche et al. (2004) and Phister and Mills (2003) proposed a 
quantitative real time PCR method to detect the existence and the number of D. bruxellensis 
cells in wine. In addition, the loop-mediated isothermal amplification method was also used 
to determine D. bruxellensis in beer and wine (Hayashi et al., 2007). Navascués and Rasines 
(2003) developed a new technique using two internal and two external primers (nested-PCR) 
by which D. bruxellensis spp. can be directly detected in wine with high specificity and 
reproducibility, with no need for isolation and cultivation. This novel technique turned out to 
be effective, practical, and allowing quick control of D. bruxellensis presence or absence in 
wine samples. These molecular methods, more specifically quantitative PCR protocols, 
improved the understanding related to this yeast participation during the wine making 
process, showing its occurrence in Spanish and Italian red wines (Campolongo et al., 2010; 
Portugal and Ruiz-Larrea, 2013), in organic and standard wines (Tofalo et al., 2012), as well 
as in the pressed grapes of Sangiovese (Agnolucci et al., 2007). The results achieved within 
these studies have decreased the level of confusion by the presence and dispersal of 
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D. bruxellensis in all phases of winemaking process, including its incidence on the surface of 
grape berries. Recently, Avramova et al. (2018a) used recently developed microsatellite 
profiling method by Albertin et al. (2014) and genotyped as many as 1488 isolates from 29 
countries and 9 different substrates, thus determining 3 main genetic clusters of 
D. bruxellensis yeast population.  
As the D. bruxellensis species are known as slow growing, cultured mediums are able to give 
results only after more than 4–5 days. Therefore, early detection depends on direct techniques 
(Malfeito-Ferreira, 2018). Currently, there are several real time PCR procedures that provide 
results with high sensitivity (<10 cells/mL) in only about 4–6 h (Agnolucci et al., 2007; 
Longin et al., 2016). The drawbacks of these methods are firstly the high cost (more than 60 
€/sample, for a routine analysis very high) and the possibility of false positive responses due 
to the dead cells DNA. In these cases, procedures must include DNA removal from the 
samples (Vendrame et al., 2014). However, these molecular techniques are the most 
sensitive, fastest and most specific, focusing on particular fragments of ribosomal RNA and 
DNA amplification (Suárez et al., 2007). 
In the available reports, detection of enzyme features from D. bruxellensis, which are 
responsible for metabolizing HCA has been rarely focused on by researchers. Oelofse et al. 
(2008) demonstrated that it is possible to spectrophotometrically follow the p-coumaric acid 
degradation by HCD enzyme, but this was never performed with the 4-VP or 4-EP 
degradation. Recently, Daniels-Treffandier et al. (2016) revealed that using colorimetric 
enzymatic assay based on enzyme 4-ethylphenol methylene hydroxylase from Pseudomonas 
putida, which degrade 4-EP formed by D. bruxellensis, the 4-EP content could be precisely 
determined. This technique, in comparison to quantitative PCR with detection limit from 1 to 
10 cells/mL (Willenburg et al., 2012; Phister et al., 2003), can detect 4-EP production in 
20 mL wine sample that contains very low D. bruxellensis concentrations (5 × 102 cells/mL). 
Daniels-Treffandier et al. (2016) assign that this method is highly sensitive, as it allows 
determination before the contamination reaches a significant level. However, as has been 
mentioned formerly, the VR activity is strain dependent, therefore it is not possible to make a 
correlation between the initial cell concentration and the produced content of 4-EP. The only 
methods, based on biotic degradation in order to observe D. bruxellensis in wine are for now 
reported by Daniels-Treffandier et al. (2016) and Oelofse et al. (2008).  
Observation of VP in wine is an indication of the D. bruxellensis activity presence, but the 
drawback of this method is that usually when they have been detected; it is already too late to 
save wine. Nevertheless, combined techniques such as gas chromatography with mass 
spectrometry (GC/MS) are able to determine VP with high sensitivity, particularly if these 
techniques are coupled with sensory analysis by panels of trained tasters, giving a very 
powerful tool in the control of wine quality.  
2.3 PHENOLIC COMPOUNDS AND HYDROXYCINNAMIC ACIDS CONTENT IN 
WINE 
From oenological point of view, phenolic compounds play a very considerable and major 
role. Phenolic compounds contain a usual structure comprised of an aromatic benzene ring 
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with one or more hydroxyl groups. Phenolic substances are a large and diverse group of 
molecules that include: the flavonoids, which are constituted as skeleton of C6-C3-C6 
(anthocyanins, flavonols, and flavan-3-ols) and the non-flavonoids (stilbenes, 
hydroxybenzoic, and hydroxycinnamic acids). These molecules can be found in different 
parts of grape bunches and can be extracted during the process of winemaking. While they 
are in the plant itself, their role is to influence reproduction and fertility, as well as to 
participate in reactions with the aim to defend the plant against various stresses such as biotic 
(pathogens, predators…) and abiotic (UV-light…) attacks (Winkel-Shirley, 2002). Besides, 
most of pigment, flavour, and essence components are based on phenolic compounds. 
Phenolic compounds are the main cause of differences among white and red wines, with 
particularly the flavour (tannins) and colour (anthocyanins) being influenced. These 
compounds are also known by their beneficial properties that are in charge for the well-
known ‘French paradox’ (Ribéreau-Gayon et al., 2006). They have bactericidal, vitamin, and 
antioxidant features that evidently protect consumers from cardiovascular diseases. 
2.3.1 Structures of main phenolic compounds from grapes and wines 
Wine phenolic composition and content firstly depend on grape variety, followed by 
maturity, environmental factors and winemaking technologies, by which its extraction from 
grape to grape juice, as well as further reactions, are determined. Phenolic compound 
structures consist of simple aromatic rings and can have low molecular weight, as well as 
high molecular weight in complex tannins (Lorrain et al., 2013). As it has been mentioned 
above, the flavonoids, which consist of a C6-C3-C6 skeleton, are as follows: anthocyanins, 
flavonols, and flavan-3-ols. Within the non-flavonoids, phenolic acids (hydroxycinnamic and 
hydroxybenzoic acids) and stilbenes represent main compounds. Hydroxybenzoic acids 
consist of C6-C1 structures, actually representing a benzene ring with the addition of one 
carbon aliphatic chain substituent. Several hydroxycinnamic acids can be found in grapes and 
wines (Figure 2). These acids have been determined in small amounts in a free form; they are 
usually esterified, particularly by tartaric acid (Ribéreau-Gayon, 1965). The phenolic 
composition could also be modified by wine aging, because different transformations occur, 
such as polymerization, condensation, and oxidation processes etc. (Sánchez-Moreno et al., 
1999). Stilbenes usually contain two benzene rings, possibly connected with ethane or 
ethylene. Resveratrol which belongs to trans-isomer compounds, represents an 3,5,4-
trihydroxystilben (Figure 2), and it is considered that resveratrol is formed by vines in reply 
to the infection, caused by a fungus (Langcake et al., 1981). However, among these phenolic 
compounds, of special interest to our topic are hydroxycinnamic acids, which are known as 
precursors for VP formation. 
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Figure 2: Structures of important monomeric phenolic compounds in grapes and wines (Lorrain et al., 2013: 
1078) 
Slika 2: Strukture pomembnih monomernih fenolnih spojin v grozdju in vinu (Lorrain in sod., 2013: 1078) 
 
2.3.2 Hydroxycinnamic acids and their bioconversion to volatile phenols in wine by 
Dekkera bruxellensis 
2.3.2.1 Hydroxycinnamic acids in grapes and wine 
The composition and content of the HCA (p-coumaric, ferulic, and caffeic acids) that are 
present in grape berries vary among grape varieties (Rodrigues et al., 2001; Morel-Salmi et 
al., 2006; Rentzsch et al., 2007; Morata et al., 2007). The concentrations of these molecules 
in grapes vary between trace amount of 15 mg/L to 70 mg/L, depending on genetic and 
environmental conditions and also on the degree of ripeness (Wedral et al., 2010; Kheir et al., 
2013). These phenolic acids can be present in wine as esters of tartaric acids i.e. in forms of: 
coutaric, fertaric, and caftaric acids, but can also be determined in a free form or also 
esterified with ethanol (Hixson et al., 2012) and anthocyanins (Macheix et al., 1990). During 
the process of winemaking, there is a possibility that these tartaric acid esters can be 
hydrolysed, in order to form free hydroxycinnamic acids (Nagel and Wulf 1979). Lima et al. 
(2018) suggest that wines made from certain grape varieties are more inclined to be 
deteriorated with VP produced by D. bruxellensis. There are some reports in which 
correlation among used grape varieties and VP was found, since a higher possibility for 
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potential VP production may appear from higher contents of precursors (p-coumaric and 
ferulic acids) (Shinohara et al., 2000). Pollnitz et al. (2000) noticed increased formation of 4-
EP in grapevine varieties with observed higher content of p-coumaric acid, while Pour-
Nikfardjam et al. (2009) did not determine a strong correlation between varietal wines from 
the region of Wurttemberg (Germany) and the content of VP. Ávila and Ayub (2013) did not 
find any relationship between the used grapevine variety and behaviour of D. bruxellensis 
growth, as well as the production of 4-EP.  
It was reported by Nagel and Wulf (1979) that the average concentrations of HCA (caftaric, 
p-coutaric, and fertaric acids) in grapes of Merlot variety grown in Washington were 59.2, 
16.9, and 3.2 mg/L, respectively. Later, Boulton et al. (1996) noticed that general 
concentrations for HCA present in juice of Vitis vinifera L. are about 20 mg/L of coutaric 
acid, 150 mg/L of caftaric acid, and 1.0 mg/L of fertaric acid. Goldberg et al. (1998) analysed 
the concentrations of p-coumaric acid in various red wines made from single grape variety, 
originating from different countries, and showed that wine made from Pinot Noir had the 
lowest concentration of p-coumaric acid among all studied grape varieties. In a study by 
Morel-Salmi et al. (2006), higher contents of HCA were identified in some wines of other 
grape varieties, such as Grenache, which contained from 270 to 460 mg/L of caftaric acid. 
Recent studies by Pajović-Šćepanović et al. (2018), which analysed the ester forms of HCA 
with tartaric acid (cis- and trans-coutaric, fertaric and caftaric acids), as well as their free 
forms (caffeic, ferulic, and p-coumaric acids), showed that the content of tartaric esters of 
HCA was overall higher than the content of free acids, which corresponded to previously 
obtained results (Burns et al., 2000), as well as to the recent results by Lima et al. (2018). The 
contents of free HCA, obtained by Pajović-Šćepanović et al. (2018) were relatively similar in 
all analysed varietal Montenegrin wines (Vranac, Kratošija and Cabernet Sauvignon), 
amounting to 1.8−2.1 mg/L for caffeic acid, 0.8−1.1 mg/L for p-coumaric acid and 
0.7−1.0 mg/L for ferulic acid. These findings were in agreement with the data obtained by 
Kallitraka et al. (2006). Lima et al. (2018) have obtained higher contents of free HCA among 
commercial wines from the most used grape varieties in Portugal (Castelăo, Aragonez, 
Touriga Nacional, Touriga Franca, Vinhăo, and Trincadeira), and two of the most cultivated 
world grape varieties, Syrah and Cabernet Sauvignon. Data from this study showed that 
p-coumaric acid was the predominant HCA, with values varying from 2.3 to 6.7 mg/L; 
caffeic acid showed average values from 0.52 to 1.49 mg/L, while ferulic acid was generally 
lower, with the highest content of 0.16 mg/L. Regarding the HCA tartaric esters among 
varietal wines, Pajović-Šćepanović et al. (2018) have found the following average values for: 
fertaric acid (2.3−6.3 mg/L), trans-coutaric acid (6.4−10.5 mg/L), cis-coutaric acid (1.4−2.0 
mg/L) and caftaric acid content was predominant and ranged on average from 34.7 to 49.5 
mg/L. These results are similar to those obtained by Mattivi and Nicolini (1997) in several 
red wines from Italy and for several red wines from Austria (Zoechling et al., 2009). For 
some other varietal wines, the determined mean values for caftaric acid ranged between 50 
and 60 mg/L (Rentzsch et al., 2007). 
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2.3.2.2 Bioconversion of HCA to volatile phenols 
During the process of maceration, HCA are usually extracted from grape berries and grape 
juice. During the fermentation process, the concentration of ethanol increases, at the same 
time enlarging the extraction of all phenolic compounds. It has previously been proposed that 
HCA are decarboxylated by microorganisms in the aim to form compounds that are less toxic 
(Goodey et al., 1982), as they are harmful to yeasts, and there is a need for their 
transformation in order to detoxify the extracellular habitat (Suárez et al., 2007; Oelofse et 
al., 2008). Numerous bacteria and fungi developed metabolic pathways to transform HCA to 
less toxic compounds (Lentz et al., 2015). As it has been reported, free forms of HCA exist at 
quite low levels in wine, while tartaric acid ester forms are predominant. The enzymes of 
cinnamoyl-esterase transform these weak acids into their free forms, and then they inhibit the 
growth of many microorganisms (Gerbaux et al., 2002). Most of bacteria and fungi 
metabolize free HCA precursors (p-coumaric, ferulic, and caffeic acids) to vinyl-derivates 
with the help of enzyme phenolic acid decarboxylase, which is similar to the Pad1 enzyme of 
Saccharomyces cerevisiae (Shinohara et al., 2000). Within a second, an enzyme vinylphenol 
reductase reduces the double bond on the hydroxystyrenes i.e. vinyl-derivates (4-VP, 4-VG, 
and 4-VC) to form the ethyl substitute compound (Edlin et al., 1995). The cinnamate 
decarboxylase activity is triggered due to the presence of HCA, as well as due to the 4-VP in 
the culture medium, while vinylphenol reductase activity is triggered only by the 4-VP 
presence (Godoy et al., 2008). 
Harris et al. (2009) showed that D. bruxellensis only metabolize hydroxystyrenes and do not 
decarboxylate free forms of HCA. They described a partial hydroxycinnamate decarboxylase 
protein sequence from Dekkera anomala, which does not share similarities with the same 
gene from other yeast and bacteria, but this new enzyme isolated from Dekkera spp. is in 
charge of HCA decarboxylation. These authors have reported that the lack of this enzyme is 
strain dependent and the conclusions about the genus are still quite generalized. Godoy et al. 
(2009) demonstrated that all the 12 isolates of examined D. bruxellensis had HCD activity, 
while VR activity does not appear to be typical for all of them. Silva et al. (2011) suggested 
that the transformation of 4-VP into 4-EP, catalysed by the VR enzyme, could result in the 
NADH re-oxidation. Fugelsang and Edwards (2007) reported similar evidence for 
D. bruxellensis: since a reduced cofactor is usually needed for the enzyme reduction activity, 
there is possibility that VP production, actually the phase of reduction of 4-VP to 4-EP, 
represents the NAD+ source during this organic growth, in that way maintaining its cell redox 
balance in red wines.  
Considering the pH and temperature for the optimum HCD enzyme activity of the 
D. bruxellensis, it has turned out that a pH of 6.0 and a temperature of 40 ˚C are the most 
suitable (Godoy et al., 2009). Similar environment conditions were observed for the same 
enzyme isolated from B. anomalus (Edlin et al., 1998) and within the late log phase, the 
greatest activity of HCD enzyme was noticed. As it appears that HCD and VR enzymes are 
both used within the identical mechanism. It is expected that in the identical culture phase 
their highest activity is observed, particularly in the late growth phase (Tchobanov et al., 
2008). As for the VR, the optimal pH is between 5 and 6, with temperatures above 50 ˚C or 
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below 10 ˚C. However, production rate of VP is enhanced by higher temperatures 
(16−30 ˚C), while the yield remains the same (Dias et al., 2003). It was recently observed that 
the expression of HCD activity is strongly influenced by pH value and linear interactions 
between SO2 and ethanol, as well as between pH and SO2 (Valdetara et al., 2017). In this 
regard, pH influences enzyme substrates, because it determines the form of HCA, i.e. 
deprotonated/protonated forms. As the wine pH is such that HCA are mainly in their 
protonated form and due to their lipophilic properties, they easily go through the periplasmic 
membrane and make lower cytoplasmic pH by dissociation into cytosol (Agnolucci et al., 
2010). However, Valdetara et al. (2017) observed that maximal HCD activity was under 
conditions of pH 4. Besides, Benito et al. (2009) reported that high ethanol content could 
generate the HCD activity breakdown and in that way reduce the conversion of the HCA into 
VP. Regarding this issue, Valdetara et al. (2017) showed that lower HCD activity has been 
observed during cell evaluation in presence of higher ethanol concentration.  
Conterno et al. (2010) reported that the capability of D. bruxellensis to create 4-EP and 4-EG 
depends on strain type and that the mentioned microorganism is not the only one that can 
contribute to the formation of VP. A large number of bacteria, yeast and fungi species in 
oenological mediums, like grape juice and wine, have the ability to decarboxylate HCA. 
S. cerevisiae, fermenting yeast, has the capacity to decarboxylate HCA in order to produce 
vinyl derivatives, but has no ability to reduce them to the unfavourable concentrations of 
ethyl derivatives (Edlin et al., 1995; Dias et al., 2003; Chatonnet et al., 1992). Besides, 
Chatonnet et al., (1993) indicated that phenolic compounds (catechins and procyanidins) 
from red wines do not hinder HCD enzyme of D. bruxellensis, but they do inhibit HCD 
activity of S. cerevisiae. O’Toole et al. (2006) reported that other yeast genera such as: 
Candida, Rhodotorula, Pichia, Cryptococcus, and Hansenula also decarboxylate ferulic and 
p-coumaric acid. This author also reported that some strains of Pediococcus pentosaceus and 
Lactobacillus brevis have the ability to decarboxylate p-coumaric acid, but they could not 
degrade the ferulic acid. It is uncommon for acetic and lactic bacteria in wine conditions to 
form VP. However, the second step, i.e. the vinyl derivatives reduction is not so common, 
and has been reported to be particularly well done by the species: Candida halophila, C. 
versatilis and C. Mannitofaciens (Suezawa, 1995), Pichia guilliermondii (Dias et al., 2003), 
Dekkera anomala (Edlin et al., 1995), and D. bruxellensis (Chatonnet et al., 1995, 1997). The 
most effective VP formation occurs due to the population of D. bruxellensis, B. anomala 
(Oelofse et al., 2008), and B. intermedius (Vanbeneden, 2007). What makes D. bruxellensis 
different in comparison to other microorganisms is that it has the capacity and ability to form 
the highest VP content (Dias et al., 2003; Malfeito-Ferreira, 2011). Kosel et al. (2014) 
showed that in fermentations with mixed cultures of D. bruxellensis and S. cerevisiae yeast, 
less vinyl derivates and more VP were formed, comparing to the fermentations with pure 
culture of D. bruxellensis. Precursors of vinyl derivatives influence S. cerevisiae growth and 
inhibit it, as well as the formation of VP. Kosel et al. (2014) also observed that the 
D. bruxellensis genes that encode coumaric acid decarboxylase (CAD) and VR enzymes are 
more sensitive to vinyl-derivatives than to the HCA, therefore proposing that vinylphenols 
content turned out as more cytotoxic than HCA.  
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It has been shown that the content of phenolic acids decreases while at the same time VP 
content increases. Regarding the HCA, the quantity of caffeic acid metabolized by 
D. bruxellensis is lower comparing to the other two acids (p-coumaric or ferulic acid). In fact, 
4-EC is the VP that is formed in the smallest amount (Cabrita et al., 2012). Previously, only 
Hesford et al. (2004) reported the occurrence of 4-EC, after Carrillo and Tena (2007) 
observed the existence of this VP in several wines that were spoiled by D. bruxellensis. 
Cabrita et al. (2011) observed that the last and the least important VP that appears in wine is 
4-EC. They also showed that conversion rates from p-coumaric and ferulic acid into 
corresponding VP were higher than 90%, while the caffeic acid into 4-EC conversion rate 
was under 20%. Some other studies have also confirmed lower concentrations of 4-EC and its 
influence on the sensory wine characteristics (Larcher et al., 2008; Diako et al., 2017). Even 
though the content of caffeic acid in wines is considerable and its structure analogous to other 
phenolic acids present in grape and wine, the achieved results suggest that other HCA (p-
coumaric and ferulic acids) are more easily metabolized by yeast. Besides, Lentz et al. (2015) 
demonstrated caffeic acid to be the weakest inhibitor of all the tested HCA, corresponding to 
Harris et al. (2009), who showed no inhibition or very weak influence of caffeic acid on yeast 
growth, in comparison to other cinnamic acids. 
It has been shown that all strains of D. bruxellensis have the ability to convert both ferulic 
and p-coumaric acid, producing their VP, and that the ferulic acid conversion rate has been 
lower, comparing to the conversion rate of p-coumaric acid (Sturm et al., 2015). Actually, 
regarding the strain variation in demonstrating inhibition by p-coumaric and ferulic acid, it 
has been repeatedly proven that ferulic acid behaved as a stronger inhibitor (Lentz et al., 
2015). These data correspond to the results obtained by Madsen et al. (2016), who 
demonstrated that the largest decrease in concentration was evident for p-coumaric acid, 
which indicates a preferred metabolism for this HCA, as noticed by Schopp et al. (2013). 
Harris et al. (2009) performed similar research, with several B. anomalus and D. bruxellensis 
strains, which supported this observation. Also, Hixson et al. (2012) demonstrated that ethyl 
coumarate conversion to 4-EP was nearly 10 times more effective, in comparison to the same 
ethyl ferulate conversion, stating that there is a high potential of ethyl coumarate to contribute 
to formation of higher amount of 4-EP when D. bruxellensis growth is on. Besides, Harris et 
al. (2008) proved the ferulic acid a bit more toxic to the yeast compared to p-coumaric acid. 
After all, these data indicate that D. bruxellensis species are in general weakly hindered by 
caffeic acid, but are slightly more sensitive to ferulic than to p-coumaric acid. 
2.4 VOLATILE PHENOLS FORMATION DURING WINEMAKING PROCESS; 
INFLUENCING PARAMETERS 
In the winemaking process, it is very important to distinguish the most critical control points 
when spoilage by D. bruxellensis occurs, in order to prevent its further growth. Based on the 
surveyed literature, it can be proposed that these yeasts have the ability to proliferate, survive, 
and contaminate the wine during different processing phases of winemaking. Brettanomyces 
and Dekkera bruxellensis are seldom found within the process of the AF (Wright and Parle, 
1974), but they have been found alongside Saccharomyces (Froudière and Larue, 1988). 
Several researchers have demonstrated the risks of the D. bruxellensis spp. presence in wines, 
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but it is far from easy to recognize the moment when spoilage begins. Some reports have 
indicated a significant D. bruxellensis presence on grape bunches (Pretorius, 2000), then in 
warehouses with wine (Peynaud and Domercq, 1956), and most often on winemaking 
equipment such as pumps and vats, which are not easy to sterilize and keep clean (Fugelsang, 
1998). Besides, these yeasts are also able to affect both fermentations, i.e. AF and MLF 
(Rodrigues et al., 2001; Renouf et al., 2006a). Therefore, the off-odours can appear during all 
wine production stages, but it has been reported that this occurs mainly during aging 
processes, especially in oak barrels (Froudiѐre and Larue, 1988; Chatonnet et al., 1992, 1993; 
Silva et al., 2004, 2005; Malfeito-Ferreira et al., 2004; Rubio et al., 2015). It has also been 
reported that the spoilage and formation of VP can happen in stainless steel or concrete vats, 
and even in bottles (Rodrigues et al., 2001; Pérez-Prieto et al., 2003). On the other hand, 
several strains of D. bruxellensis have been found and isolated from the vineyards (Renouf 
and Lonvaud-Funel, 2007). Even though all wines could be contaminated, there are some 
factors that can increase the risk of spoilage and which require more attention in order to 
avoid possible losses. Within the next chapter, attention will be paid to possible influencing 
factors, from the grape to the wine in glass. 
2.4.1 Grapevine varieties and the level of grape maturity 
It has been reported that wines made of red grape varietals (Vitis vinifera L.), due to 
maceration of phenolic compounds which occurs within the AF, are more susceptible to 
D. bruxellensis infection. Comparing to white grapevine varieties, they also have lower 
acidity level and are more often aged in oak barrels. Loureiro and Malfeito-Ferreira (2006) 
have found that white wines do not usually contain high levels of VP, mainly due to the 
efficiency of sulphur dioxide (SO2) at lower pH conditions. There is one more explanation 
revealing that white wines possess fewer microorganisms, making the p-coumaric acid, as 
well as the 4-VP reduction very low. Principally, white wines contain more vinylphenols, 
while ethylphenols appear more in red wines (Boidron et al., 1988). Rodrigues et al. (2001) 
have evaluated the 4-EP content in 88 red and 29 white randomly collected wines, and 84% 
of the red wines had the 4-EP content up to 4430 μg/L, while 28% of the white wines had 
levels of 4-EP up to 403 μg/L. Lukić et al. (2015) have found that if prolonged maceration is 
applied in the process of white wine making, and if wines aged in oak vats, the content of VP 
increases. As it has already been mentioned above, one of the factors influencing VP 
formation is the relative content and type of HCA precursors, making the HCA profile of 
wine dependent mainly on grape variety. Therefore, it can logically be concluded that VP 
formation depends on grape variety as well. Consequently, greater potential for VP formation 
is derived directly from a higher level of precursors, and this content particularly depends on 
the chosen variety of grape (Shinohara et al., 2000; Avar et al., 2007). Pour-Nikfardjam et al. 
(2000) have reported that HCA profile also depends on the vintage, the level of grape 
maturity and the production technology. Despite these influencing factors, Mattivi and 
Nicolini (1997) have asserted that grape varieties can also be classified according to the 
specific content of HCA. In addition, for varietal differentiation of grapes and wines, 
information about the trans-coutaric/trans-caftaric acid ratio is useful (De La Presa-Owens et 
al., 1995). 
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The level of grape maturity is another important influencing factor, as it presents the 
compromise between total acidity, content of sugar and phenolic or aromatic potential. 
Phenolic maturity is more important and when the grape is left to ripen, the quantity of 
phenolic compounds arises. Therefore, the date of harvest is one of crucial moments in 
winemaking, because phenolic composition, technological maturity and health status should 
be achieved.  
2.4.2 Alcoholic and malolactic fermentation 
There are two types of fermentation, which can be performed consecutively or concurrently 
depending on the varietal and winemaking preferences. Primary or alcoholic fermentation 
represents a number of microbiological processes which include various interactions between 
bacteria, yeasts, and filamentous fungi (Fugelsang and Edwards, 2007; Fleet, 2007), but 
naturally is performed by the yeast, mainly belonging to the Saccharomyces spp. Malolactic 
fermentation or secondary fermentation is not obligatory. Majority of red wines and not all 
white wines go through this process (Davis et al., 1985). Malolactic fermentation is mainly 
performed using LAB like Oenococcus oeni, which represent one of the most used bacterial 
species and are accommodated to severe wine environment, giving to the wine characteristics 
from this process (Alexandre et al., 2004; Fugelsang and Edwards, 2007; Massera et al., 
2009). Besides these desirable species (Saccharomyces cerevisiae yeast and Oenococcus oeni 
bacteria), there are other microbial species that also can be found in the grape must or wine 
environment, and can influence the final wine quality. This microbiota is under the influence 
of many factors, the maceration temperature, terroir (climate, rainfall, and altitude), grape 
ripeness level, and fungicides use (Boulton et al., 1996). Other species, which have also been 
isolated, are those of the genera such as: Candida, Dekkera, Hansenula, Kloeckera, Pichia, 
and Torulaspora (Fleet, 2007).  
It is important to pay attention to the parameters, which promote spoilage during 
fermentation, and these include highly ripened grapes, high initial phenolic acids content, 
prolonged maceration time and stuck fermentation (Gerbaux et al., 2000; Pérez-Prieto et al., 
2003). There are other important factors involved in the development of D. bruxellensis 
growth and production of higher 4-EP levels in wines during the performance of AF. These 
are residual sugars, oxygen dissolved in media (Ciani et al., 1997), pH and temperature (Dias 
et al., 2003), ethanol (Gerbaux et al., 2000) and addition of SO2 (Barata et al., 2008a; 
Chandra et al., 2014; Agnolucci et al., 2014). D. bruxellensis does not behave as fast-growing 
yeast and naturally, it takes more time, i.e. over a week or several weeks, in order to achieve 
a detectable size of population. This yeast grows slower than Saccharomyces and is not well-
known competitor against other microbial species (Kheir et al., 2013). Besides, 
D. bruxellensis is not as well adapted as S. cerevisiae to rich media such as grape must 
(Abbott et al., 2004). Inoculation with commercial S. cerevisiae strains that were chosen due 
to their oenological properties makes this yeast more dominant (Renouf et al., 2006c). But, 
regarding the high ethanol concentration, D. bruxellensis is less sensitive in comparison to 
S. cerevisiae (Abbott et al., 2004) and represents one of the rare species that can survive and 
develop later in media which is nutritionally exhausted such as wine after AF with low sugar 
content and high alcohol concentration (Renouf et al., 2006a). Moreover, if grape must 
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possesses high sugar content at the beginning of fermentation, high ethanol concentration, 
unfavourable for S. cerevisiae, will arise and AF may be unfinished. These situations give 
space to developing D. bruxellensis and sluggish AF is usually followed by spoilage (Renouf 
et al., 2007a). Furthermore, it has been reported that during AF D. bruxellensis appears to be 
insensitive to killer traits by some commercial S. cerevisiae strains compared to other yeast, 
which can be found in fermenting grape must (Zagorc et al., 2001; Pérez et al., 2004). So far, 
there have been no reports indicating possible antagonistic performance by some S. 
cerevisiae strains towards D. bruxellensis. 
Rodrigues et al. (2001) showed that high VP levels could be reached shortly after AF 
finishes, indicating that this problem is not only a feature of wines that have aged for a long 
period. Chandra et al. (2015) have evaluated three red grape varieties (Syrah, Cabernet 
Sauvignon, and Touriga Nacional) for susceptibility to D. bruxellensis during both alcoholic 
and malolactic fermentation, and found that both examined strains survived well during 
fermentations. In their research, log population of D. bruxellensis did not increase during AF, 
but at the end of AF, their population has risen noticeably and sustained at 5-7 log CFU/ mL 
during MLF. On the other hand, S. cerevisiae started to decline after AF was finished and 
could not be found later during MLF, aging, and storage. The results achieved by Renouf et 
al. (2006a) are in agreement with these, presenting that D. bruxellensis is more resistant than 
S. cerevisiae in environments with higher alcohol content and depleted sugar. In a study by 
Chandra et al. (2015), concentration of VP varied between 80-120 μg/L in all wines at the 
end of AF. However, they noticed that there are few differences in growth of D. bruxellensis 
during the AF and MLF, but a rapid rise of 4-EP was observed after MLF, indicating the 
important role of MLF in the production of 4-EP. After MLF ended, VP achieved levels of 
180-190 μg/L in Touriga Nacional and Cabernet Sauvignon, while in Syrah the contents of 
149 μg/L were achieved 55 days after MLF was finished. These authors have also observed 
that VP formation is not in relation with grapevine variety, but highlighted the higher 4-EP 
concentration in Syrah wine, even though this wine contained the lowest number of cultivable 
cells. A number of reports referred to MLF and aging in oak vats as the most unfavourable 
stages for VP production (Chatonnet et al., 1992; Renouf et al., 2006b). Gerbaux et al. (2000) 
have observed the multiplication of D. bruxellensis during the O. oeni growth and MLF, and 
Renouf et al. (2005b) have established proportional correlation between the duration of MLF 
and D. bruxellensis biomass level. This fact indicates that the kinetics of MLF could also be 
one of determining points at which development of D. bruxellensis should be tracked. 
Therefore, it is desirable that winemakers encourage the MLF in order to keep the wine safe 
by SO2 addition. Considering this point of view, some co-inoculation techniques involve 
commercial LAB addition a couple of days after inoculation with S. cerevisiae strain 
(Sieczkowski, 2004; Murat et al., 2007). By this treatment, sluggish MLF can be avoided 
(Gindreau and Augustin, 2007). A possible explanation of VP production during the period of 
MLF is due to the liberation of HCAs at this stage (Cabrita et al., 2008). Contrary to these 
observations, Gerbaux et al. (2009) have reported that MLF step protects wine from spoiling 
by D. bruxellensis, and according to these authors, wines which were subjected to MLF 
contained no or very little content of VP, while the wines that did not undergo this step 
permitted development of D. bruxellensis. In a research performed by Garijo et al. (2015) it 
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




was demonstrated that about 30% of the analysed red wines contained D. bruxellensis when 
the MLF was finished, but mainly at quite low levels, under which there is no fear for further 
defects (1-10 CFU/mL). But if cell propagation occurs and this number increases in the 
following months, then the flaw will become obvious. 
During the AF, we come across an important task related to the extraction process and a 
number of variations in this regard can be performed. Ducruet et al. (1983) observed that 4-
EP concentration can vary between two red wines because of the vinification techniques. For 
example, it has been shown that carbonic maceration directly influences the 4-EP content in 
wine (Ducruet et al., 1983). This is probably due to the carbonic maceration promoting 
remarkable extraction of phenolic acids, especially if temperatures are high (30-32 ˚C). Other 
factors also play important roles, such as agitations, pumping over, concentration of SO2 and 
CO2 (Kheir et al., 2013). One of the crucial parameters influencing extraction of phenolic 
compounds is temperature, because it affects the cells and permeability of membranes in the 
grape berries (Koyoma et al., 2007). Higher temperatures, i.e. heating at the end of 
maceration also brought a higher content of anthocyanins, sensory scores, and colour 
intensity in Pinot Noir wines (Gerbaux et al., 2002).  
In addition, it is notable that yeast may impact the colour of wine during the process of AF 
(Sacchi et al., 2005). In their studies, Benito et al. (2009) have shown that some 
Saccharomyces strains possess a high activity of enzyme HCD, which during AF favours the 
creation of vinylphenolic pyranoanthocyanin compounds, i.e. derivatives between malvidin-
3-O-glucoside and 4-VP. Also, Morata et al. (2007) showed that fermenting musts that were 
enriched with HCA and inoculated with yeast which had high HCD activity at the end of 
fermentation increased the content of vinylphenolic pyranoanthocyanins. In this way, yeast of 
Saccharomyces species can reduce the p-coumaric acid content and therefore minimize the 4-
EP content formation. A number of strains within species of Saccharomyces have HCD 
enzyme and their activity varies in strength. While some of them exhibit little activity, others 
were able to transform up to 15% of HCA into vinylphenols (Benito et al., 2009). 
Vanbeneden et al. (2008) have examined 75 different strains of Saccharomyces and their 
ability to convert ferulic acid, and 70% were capable to form vinylguaiacol. In contrast, 
strains of D. bruxellensis have shown a conversion rate of 90% (Dias et al., 2003).  
During AF it is possible to use some starters i.e. non-Saccharomyces yeasts that also show 
ability to produce killer toxins, which have a broad activity spectrum in order to inhibit other 
genera of Saccharomyces and non-Saccharomyces (Petruzzi et al., 2017). Bevan and 
Makower (1963) were the first to discover this killer phenomenon in S. cerevisiae, after it 
was reported that this phenomenon is present in several other yeast species or genera (Liu et 
al., 2017). After all, several studies have focused on yeast killer toxins that can influence 
spoilage yeast such as D. bruxellensis. For example, two killer toxins (CpKT1 and CpKT2), 
which showed killer activity against D. bruxellensis were isolated from the yeast present in 
wine such as Candida pyralidae (Mehlomakulu et al., 2014). Similar ability was also 
described in the killer toxins which were isolated from Ustilago maydis (Santos et al., 2011), 
Torulaspora delbrueckii (Villalba et al., 2016), Pichia membranifaciens (Belda et al., 2017) 
and Pichia anomala and Kluyveromyces wickerhamii (Comitini et al., 2004). The killer toxins 
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that have been actively hostile to D. bruxellensis were also steady at extreme wine conditions 
such as acidic pH and high temperatures (20-25 ˚C). Moreover, these killer toxins were used 
within trial fermentations without influencing the S. cerevisiae population (Santos et al., 
2009, Santos et al., 2011; Comitini and Ciani 2011). The antimicrobial influence of this yeast 
was also confirmed, as some by-products from metabolism, such as 4-EP and ethyl acetate, 
have not been detected and decrease of volatile acidity has been observed (Comitini and 
Ciani 2011, Santos et al., 2011). 
According to literature reviews, it is obvious that winemakers can obtain safe and rapid AF 
by inoculation with selected yeast, and using appropriate yeast nutrition, thus preventing 
spoilage by undesirable microbes (Abrahamse and Bartowsky 2012). After AF finishes and 
MLF starts, the possibility for development of D. bruxellensis is higher, as the conditions are 
favourable, i.e. nutrients are available and microbial competitors are missing, because LAB 
consortium is still not present. In this way, controlling the MLF gives winemakers a chance 
to use some MLF starters and ensure a safe and rapid MLF. It has been shown that in wines 
made of Pinot Noir the MLF started earlier, carried out with two different LAB, and this led 
to a shorter MLF stage, reducing the VP concentration (Gerbaux et al., 2009). Therefore, it is 
suggested to winemakers to inoculate with selected LAB at the beginning of AF in order to 
shorten the time-lapse between AF and MLF, and thus hinder the evolution of D. bruxellensis 
(Berbegal et al., 2018). In this way, it is possible to achieve a microbiologically stable wine, 
as contamination by undesirable yeast is reduced, and also earlier addition and reduced 
content of SO2 is permitted (Renouf and Murat, 2008; Gerbaux et al., 2009). Recently, an 
examination of various co-inoculating yeast and commercial LAB in fermenting must of red 
grape varieties has been performed (Abrahamse and Bartowsky 2012; Muñoz et al. 2014; 
Tristezza et al., 2016). Besides, the interactions amongst commercial O. oeni strains and yeast 
starters were also examined (Abrahamse and Bartowsky 2012; Tristezza et al., 2016). The 
results showed that combined inoculation of yeast and bacteria at the start of AF reduced the 
duration of the process and lowered the volatile acidity. Analogous results were achieved 
when trials were performed using autochthonous strains of Oenococcus oeni, and co-
inoculation with Saccharomyces cerevisiae strains (Izquierdo Cañas et al., 2012, Cañas et al., 
2015) has been carried out. Muñoz et al. (2014) demonstrated that early LAB inoculations 
with different yeast strains allowed fast LAB populations growth and MLF duration was 
shortened to no more than 6 days. Based on the reported data, the utilization of commercial 
starters in industrial vinification is of crucial importance, and generally provides advantages 
to wineries from an economical point of view (Abrahamse and Bartowsky 2012; Cañas et al., 
2015; Alexandre et al., 2004; Tristezza et al., 2016). On the other hand, there are reports 
indicating that inoculation with commercial starters in order to induce MLF is sometimes not 
successful, due to harsh conditions in wine (Ruiz et al., 2010). The authors also suggested use 
of autochthonous starter cultures, because it is proposed that these cultures are more adapted 
to the environment of specific grape growing area. Besides, there are number of studies that 
characterized autochthonous Oenococcus oeni and Lactobacillus plantarum related to the 
spontaneous MLF occurring in specific regional wines (Garofalo et al., 2015, Sun et al., 
2016, Berbegal et al., 2016, 2017; Brizuela et al., 2017). 
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Regarding the MLF stage, it is also important to note that several LAB, like Lactobacillus 
and Pediococcus have the capability to form VP from free HCA, i.e. from p-coumaric, 
caffeic, and ferulic acids (Couto et al., 2006; Fras et al., 2014). It is actually shown that 
Pediococcus pentosaceus and Lactobacillus brevis have the ability to form higher 4-VP 
concentrations, but regarding ethylphenols, only traces were observed, and it turned out that 
only Lactobacillus plantarum is capable to produce significant 4-EP concentrations 
(Chatonnet et al., 1995). Chatonnet et al. (1997) have studied the impact of polyphenolic 
compounds on the production of VP by LAB, and found that tannins have an impact on the 
growth of Lactobacillus plantarum, but the formation of VP by D. bruxellensis was not 
affected. The ability of 35 different LAB strains to produce VP in culture medium has been 
studied, and it was shown that 37% of examined strains had the ability to produce VP, using 
p-coumaric acid, while only 9% had the ability to produce 4-EP (Couto et al., 2006). 
Recently, Madsen et al. (2016) examined the impact of two Oenococcus oeni commercial 
strains, without and with HCD activity, on the HCA (ferulic and p-coumaric acid) 
concentrations in wine. Additionally, the authors also examined the VP formation (4-EP and 
4-EG) within a 6-month period in wines made from Cabernet Sauvignon, and with 
inoculation of two different strains of D. bruxellensis. The authors proposed that VP amount 
in wine is more related to the strains of D. bruxellensis, than to the HCD activity of 
Oenococcus oeni strain (Madsen et al., 2016). 
2.4.3 Conditions during wine aging and storage 
Wine aging and processes within the wine storage are also suitable for the spoilage microbial 
species growth and represent potential risk. Microorganisms present in wine have a very 
significant role during the aging of wine and its evolution through this process. Sanitation 
practices and the type of used vat mainly influence the diversity of flora present in wine 
throughout aging and storage. However, surface type, such as oak or stainless steel, can 
support the appearance of yeast biofilm (Joseph et al., 2007). It is easier to sanitize stainless 
steel in comparison to wooden surfaces with porous nature, which makes a fitting habitat for 
a range of microbial species including D. bruxellensis. Species of Pichia, Candida, and 
remarkably Dekkera were detected in wines aged in oak barrels, leading to various 
organoleptic flaws in wine (Renouf et al., 2007a).  
Maturation and aging are considered as a group of complex reactions that should lead to 
improvement of wine in terms of its sensorial characteristics. This process represents a 
number of changes and it should not be considered as one process. There is a difference 
between wine aging and maturation. During maturation, modifications in wine occur in the 
wine storage in vessels or vats of larger volume, while aging considers changes that occur in 
bottled wines. Throughout the storage in vessels, wine is likely exposed to air, while bottle 
storage represents essentially anaerobic conditions (Kheir et al., 2013). Besides, wine aging is 
responsible for the rising content of phenolic compounds. Particularly, wine aging in oak 
barrels is a known tradition all over the world wine regions, because oak, in interaction with 
wine, releases some odour compounds (Kadim et al., 1999). Release of volatile aromatic 
substances from oak barrels is mostly affected by the amount of substances that could be 
extracted, by the amount of time during which wine ages in wood, as well as by the wine 
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chemical parameters (Garde-Cerdán et al., 2006). Four principal compounds make wood 
composition: cellulose, hemicellulose, tannins, and lignins. Wood for wine aging is usually 
toasted and during that process lignins undergo some changes, the results of this thermal 
degradation being compounds such as vanillin, ferulic acid, guaiacol, 4-EG, 4-
methylguaiacol, p-coumaric acid, and 4-EP. Beside the improvement of overall wine quality 
during aging in oak barrels, this kind of maturation brings some risks. When aging in oak, 
VPs are usually present, but these compounds do not have to be directly provided by oak 
(Boidron et al., 1988).  
It has been reported that Brettanomyces custersii and Dekkera intermedia metabolise 
cellobiose, i.e. the repeating unit of structural wood polysaccharide – cellulose (Park et al., 
2000). The growth of D. bruxellensis populations is also affected by the age of used barrel. 
Due to laborious cleaning and no possibility to properly sterilize, utilization of old vessels 
made of wood could increase the D. bruxellensis presence in wine. Contamination by 
D. bruxellensis is favoured in old barrels, due to the extreme porosity of oak wood in which 
yeast can go deep, and then it is not easy to eliminate, therefore volatile phenols are released 
in the wood mass (Chatonnet et al., 1999). In such cases, treatment with SO2 is quite limited 
and yeasts can survive. Some authors reported that because of higher oxygen content and the 
contribution of sugar, new barrels seem to be more susceptible to maintaining large 
D. bruxellensis populations (Lonvaud-Funel and Renauf, 2005). Pollnitz et al. (2000) have 
evaluated concentrations of 4-EP and 4-EG in red wine matured in used and new American 
and French oak barrels of different ages. Wines aged in renovated and shaved oak barrels 
contained up to 85% less VP comparing to wines aged in not renovated (shaved) barrels of 
the same age. VP also appeared in wine aged in new barrels, however, after 6 months of 
aging in these barrels, their contents were lower, and after 15 months, these concentrations 
went up (Garde-Cerdán et al., 2006). Years later, Garde-Cerdán et al. (2010) reported that VP 
formation in 510 examined Spanish wines, mainly depended on the time of wine storage in 
the oak vats, while oak vat type, geographic origin of wine and oenological parameters had 
less impact on examined wines. In studies by Rubio et al. (2015), it has been indicated that 
VP production is affected more by the aging conditions, i.e. aerobic/anaerobic or treatment 
with SO2, than by the oak origin. It was shown that only aging under aerobic conditions with 
sulphur addition and racking, resulted in lower levels of D. bruxellensis in comparison with 
maturation in combined conditions, with racking and without SO2 addition. The authors have 
also concluded that spoilage risk exists when cells of D. bruxellensis are present even in 
small concentrations in both kind of storage (casks or bottles). In terms of the D. bruxellensis 
contamination level and VP concentration, wines aged in oak barrels made of China oak 
behaved differently, presumably due to higher porosity of this oak (Cadahía et al., 2001). 
However, Chandra et al. (2015) observed that the level and heterogeneity of barrels has more 
influence on the spoilage by D. bruxellensis and is more important than the influence of 
chosen grape variety. 
Nevertheless, it is well known that wine aging in wood is more expensive since barrels need 
more space and their lifetime is not long. Considering this, there was a need for new, less 
expensive techniques to simplify the aging process and to ensure that wood volatile 
compounds are released, so that wine with similar sensory properties like the one from 
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barrels could be achieved. Alternatives to oak barrels appeared in the form of different shape 
and size, i.e. the form of oak larger pieces (staves, blocks), shavings and chips. There are 
numerous reports on the influence of oak chips, i.e. size, toast degree, and its geographical 
origin, on the volatile composition of wine (Arapitsas et al., 2004; Bautista-Ortín et al., 2008; 
Frangipane et al., 2007; Guchu et al., 2006; Rodríguez-Bencomo et al., 2008). Guchu et al. 
(2006) observed that the influence of oak chips toasting on wine sensorial properties and 
chemical parameters was higher, compared to used oak. Besides, the use of alternatives 
allows the step of AF to be performed in stainless steel, with the possibility of controlling 
temperature, cleaning tanks easily, and other possibilities regarding the volume of the tank, in 
order to obtain wines almost like those fermented in barrels. It has been shown that the use of 
non-toasted oak chips within the AF enhanced the creation of fusel alcohol acetates, ethyl 
esters and 2-phenylethanol, and negatively influenced several lactones and VP content 
(Rodríguez-Bencomo et al., 2010). García-Carpintero et al. (2012) reported about the impact 
of oak chips on the volatile compounds of wine, added during different stages of 
fermentation. They observed that 4-EG and 4-VG were enhanced in all wines treated with 
oak chips, as well as that 4-EP was also higher in wines with higher dose of oak chips. Other 
authors observed that young red wines from stainless-steel tanks or even bottled wines were 
just as much susceptible to this kind of spoilage (Rodrigues et al., 2001; Renouf et al., 
2007a). Residual population of D. bruxellensis can be detected frequently at the end of aging 
in barrels, i.e. before the moment of bottling (Nisiotou and Gibson, 2005; Curtin et al., 2007). 
Even though D. bruxellensis populations, at this stage, were generally present in very small 
amounts to produce VP, lately their population increased and spoiled the wine in bottles, 
upon which there is no more possibility to react and prevent further wine degradation 
(Coulon et al., 2010). These results correspond to report by Rubio et al. (2015), who observed 
that high contents of D. bruxellensis were determined in wines aged in anaerobic conditions 
only (i.e. 12 months in bottles), indicating that these yeasts have the ability to develop and 
spoil the wine in anaerobic conditions as well, although they were not present in high levels 
in the beginning.  
Ávila and Ayub (2013) observed that yeast count was not identical in bottles of the same 
wine. Other authors (Chatonnet et al., 1993) also observed this kind of variation among wine 
bottles. Therefore, each fermentation tank has its own conditions, barrels or bottles and 
equipment used for wine bottling being responsible for these differences, so careful 
processing is important at all times (Ávila et al., 2013). The authors also found that higher 
D. bruxellensis levels were determined in immature wines, when compared to wines aged in 
barrels.  
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2.5 METHODS OF VP DETECTION 
Several methods for measuring the quantity of VP in wine have been described in literature. 
All of them use chromatography in order to separate VP from other compounds, and it is 
either gas or liquid chromatography (GC or LC). All these methods have been thoroughly and 
deeply reviewed by Milheiro et al. (2017b), and part of this literature review is presented in 
this chapter. Regarding the determination of 4-EC in wines, only few studies were reported 
(Hesford et al., 2004; Carrillo and Tena, 2007; Larcher et al., 2008; Carpinteiro et al., 2010; 
2012). GC methods for determination of 4-EC are more complex comparing to those for 
determination of 4-EP and 4-EG, due to the high polarity of 4-EC and therefore problems 
with the peak shape during the separation on polar columns (Hesford and Schneider 2004; 
Larcher et al., 2008). Hence, there is a need for derivatisation prior to performing analysis by 
GC (Carrillo and Tena 2007; Carpinteiro et al., 2010; 2012). However, because of the added 
steps within the 4-EC quantification and thus more time spent, determination is preferably 
performed using LC. As 4-EP and 4-EG are volatile compounds, the GC methods are mostly 
employed, while the number of methods employing LC is considerably lower (Milheiro et al., 
2017b).  
2.5.1 Gas chromatography methods 
Within the GC analysis, different approaches for VP extraction from wine were used: liquid-
liquid extraction (Pollnitz et al., 2000; Monje et al., 2002; Carrillo and Tena 2007; Milheiro 
et al., 2017a), dispersive liquid-liquid microextraction (Fariña et al., 2007; Pizarro et al., 
2011; Carpinteiro et al., 2012), solid-phase extraction (López et al., 2002; Carpinteiro et al., 
2012; Ávila and Ayub, 2013), solid-phase microextraction (Martorell et al., 2002; Monje et 
al., 2002; Mejías et al., 2003; Carrillo and Tena 2007, Sturm et al., 2015), or stir-bar sorptive 
extraction (Marín et al., 2005; Zhou et al., 2015). The most used method for detection is mass 
spectrometry (MS), and chosen ion monitoring mode apply fragment ions for 4-EP (m/z 107) 
and for 4-EG (m/z 137) (Pollnitz et al., 2000; López et al., 2002; Dıez et al., 2004; Hesford 
and Schneider 2004; Marín et al., 2005; Fariña et al., 2007; Carpinteiro et al., 2010; 2012; 
Zhou et al., 2015; Milheiro et al., 2017a). Besides, tandem mass spectrometry (MS/MS) has 
also been applied utilizing precursor ions for 4-EP (m/z 107) and for 4-EG (m/z 137), and for 
quantitative determination of 4-EP (m/z 91) and of 4-EG (m/z 94) (Pizarro et al., 2007; 2011; 
2012). Few methods used flame ionization detection (Martorell et al., 2002; Monje et al., 
2002; Mejías et al., 2003; Ávila and Ayub, 2013; Sun et al., 2016, Lima et al., 2018). As the 
internal standard, all these methods used 3,4-dimethylphenol, for calibration curve for 
quantification, except López et al. (2002) who used diacetone alcohol and 2-octanol, and 
Rayne and Eggers (2007) who used as internal standards deuterium labelled 4-EP and 4-EG. 
Carrillo and Tena (2007) used derivatisation, i.e. an acetylation procedure for the parallel 
determination of 4-EP, 4-EG, and 4-EC quantity, because 4-EC did not achieve good peak 
shape without derivatisation.  
One of the oldest and most used procedures for sample preparation in VP analysis is liquid-
liquid extraction. This method has been used for direct extraction of VP (Pollnitz et al., 2000; 
Monje et al., 2002; Rayne and Eggers 2007; Carrillo and Tena 2007; Milheiro et al., 2017a;), 
and after derivatisation for the parallel VP quantification (Carrillo and Tena, 2007). However, 
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these methods showed their advantages and disadvantages, i.e. good repeatability has been 
observed for higher VP concentrations, while for lower contents results were not satisfying. 
To surmount these limitations of the liquid-liquid extraction method, miniaturization of this 
extraction was lately successfully achieved by the technique named liquid-phase 
microextraction or solvent microextraction. Recently, several configurations of this technique 
appeared and included ultrasound assisted emulsification and dispersive liquid-liquid 
microextraction, as well as many others. These techniques provide certain advantages such as 
minimized use of solvents, simple experimental setup, and shorter time of analysis. Still, they 
showed some disadvantages such as relative low precision and instability of microdrop 
(Regueiro et al., 2008). 
Solid-phase extraction (SPE) is a common and well-known technique that allows performing 
sample clean-up and the preconcentration in a single step, achieving excellent efficiency and 
being very selective in a number of different matrices (Poole 2003). Similar detection limits 
than those by SPE are achieved by the extraction technique - solid phase microextraction 
(SPME) (Prosen and Zupančić-Kralj, 1999). SPME in general is not exhaustive and this 
extraction technique eliminates the use of organic solvents and can be easily automated. 
Sample preparation consists of two steps: fibre is exposed to sample either in headspace or by 
direct immersion into the solution and in the second step, the analytes are thermally desorbed 
in the GC injection port for separation and quantification. Main disadvantage of this method 
is the matrix effect when the sample is complex, although different calibration procedures can 
be performed, like standard addition in order to eliminate this influence (Carrillo and Tena 
2007; Martorell et al., 2002; Mejías et al., 2003), external standard method with matrix-
matched standards (Carpinteiro et al., 2010; Carpinteiro et al., 2012; Sun et al., 2016), 
internal standard (López et al., 2002; Martorell et al., 2002; Monje et al., 2002; Mejías et al., 
2003; Carrillo and Tena 2007; Fariña et al., 2007; Pizarro et al., 2011; Carpinteiro et al., 
2012; Pizarro et al., 2012; Ávila and Ayub, 2013; Zhou et al., 2015; Sun et al., 2016; 
Milheiro et al., 2017a), or isotopic dilution analysis (Rayne and Eggers, 2007; Pollnitz et al., 
2000). In order to avoid the matrix effect, SPME is modified into multiple headspace solid 
phase micro-extraction and applied for VP determination (Pizarro et al., 2007). Using this 
technique, it is possible to eliminate matrix effects, but the time of analysis is increased and 
linear range is narrow (Carrillo and Tena, 2007; Pizarro et al., 2007). In the step of sample 
preparation, there are some general limitations such as cross-contamination problems among 
the samples, fragility of fibres, and too high costs (Carpinteiro et al., 2010). Optimisation of 
this method by determining VP content was performed by many authors; almost all of them 
selected DVB/CAR/PDMS fibre coating because of its effective extraction (Carrillo and Tena 
2007; Pizarro et al., 2007; Sun et al., 2016). Mejías et al. (2003) selected CW-DVB fibre 
coating, Martorell et al. (2002) did extractions using a PDMS fibre coating, and PA fibre 
coating was used by Monje et al. (2002). 
Cynkar et al. (2007) applied the MS electronic nose (electron impact MS at m/z 50-180) for 
the wine headspace analysis without prior chromatographic 4-EP separation and 
quantification. Within this method it is possible to analyse the entire vapour phase, 
representing a benefit in comparison to analysing wine’s individual compounds. Despite 
some promising results obtained by this technique, there is a need for further development so 
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this method could be adopted by wine industry, as it showed lower cost of analysis and 
higher sample throughput capacity (Milheiro et al., 2017b).  
Another developed extraction method is stir-bar sorptive extraction technique that does not 
use a solvent for the sample preparation, and analytes are extracted from an aqueous solution 
into a magnetic stir-bar that has a polymeric phase coat. Analyte desorption can be performed 
thermally or by solvents. This method showed good sensitivity (Fontana, 2012), simplicity, 
possible automation, and high instrumentation cost. There are reports of using PDMS coated 
stir bar with and without dilution of wine, and all these variations present recovery values 
with good repeatability and within the acceptable range (Marín et al., 2005; Zhou et al., 
2015).  
2.5.2 Liquid chromatography methods 
As it has been mentioned, the number of methods that employ LC for determination of 4-EP 
and 4-EG are significantly lower in comparison to GC. Since 4-EC possesses lower volatility 
and higher polarity, LC appears to be a more appropriate method for its determination. For 
VP separation from the other phenolic compounds, the reverse phase column C-18 was 
successfully used, as well as isocratic elution (Larcher et al., 2007; Pour-Nikfardjam et al., 
2009), or gradient elution (Caboni et al., 2007; Garcia et al., 2015; Fontana and Bottini 2017). 
A number of different detection methods were used, such as fluorescence (Caboni et al., 
2007; Pour-Nikfardjam et al., 2009; Garcia et al., 2015, Csikor et al., 2018), UV diode-array 
detector (Caboni et al., 2007; Garcia et al.,2015), coulometric array detectors (Larcher et al., 
2007), and tandem mass spectrometry (Caboni et al., 2007). The advantage of high pressure 
liquid chromatography is that samples can be analysed directly, i.e. without preconcentration 
and pretreatment of samples, except filtration which is used for reducing analysis time and 
cost without observed effects by matrix (Caboni et al., 2007; Larcher et al., 2007). Larcher et 
al. (2008) used this method for parallel determination of all three VP.  
2.6 PREVENTION METHODS OF VP FORMATION 
Regardless of the appropriate application of hygiene in the wine cellar during the whole 
process of winemaking, wine spoilage by yeasts such as D. bruxellensis is still a winemaker’s 
headache and very costly (Loureiro and Malfeito, 2003; Oelofse et al., 2008). This wine 
spoilage yeast has numerous stress response mechanisms, which means it has the ability to 
persist in extreme environment such as wine (Conterno et al., 2006; Zuehlke and Edwards, 
2013). Therefore, it is essential to apply prevention methods in the early winemaking stages 
and rapidly eliminate D. bruxellensis, so the development of its resistant strains would be 
avoided. In order to make a healthy wine without taints, winemakers had to review their 
practices and apply best measures to control this kind of microbiological instabilities. 
Measures included in the best practice are as follows: the use of healthy grapes, high level of 
general cleaning and sanitation, temperature control, pH regulation, continuous addition of 
the SO2, controlled exposure to oxygen, and attention to residual nutrients (sugars, nitrogen, 
etc.) in finished wines, followed by good aging conditions and appropriate use of barrels 
(Coulter et al., 2004). All these factors act interdependently and therefore holistic perspective 
is required to simultaneously influence them. Since it is obvious that D. bruxellensis tainting 
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wines are a serious problem, a number of actions were developed and implemented in 
winemaking procedures.  
Damaged grape berries can carry numerous undesirable yeast cell populations and 
D. bruxellensis can be found among them. This species has been detected in various 
vineyards and during different berry development phases (Renouf et al., 2006a; Renouf and 
Lonvaud-Funel, 2007). However, in order to fight against the broad spectrum of 
microorganisms, new disinfecting agents have been proposed for the treatment of fruits and 
vegetables, like ozone electrolyzed water and ozone (O3) (Boonkorn et al., 2012; Guentzel et 
al., 2010). 
Electrolyzed water possesses a wide spectrum of activities against different microorganisms 
due to the oxidation-reduction potential of hydrogen ions, and free chlorine, whilst ozone, as 
a very strong oxidant, has the ability to destroy some cellular components of the microbial. 
Besides, the on-site application of these agents is eco-friendly and easy (Jermann et al., 
2015). The use of these agents and their sanitation ability has already been studied on grapes, 
both fresh and withered, and there are observations that highlight not only the antimicrobial 
influence but also the improvement of both the quality of grape and wine (Bellincontro et al., 
2017; Paissoni et al., 2017; Río Segade et al., 2017). There are also observations in regard to 
fermentative yeast, showing that apiculate kind of yeasts were minimized by 
0.5 log CFU/mL, in comparison to grapes that did not undergo the treatment. Besides, it also 
has resulted in the acetic acid amount decrease in wines (Cravero et al., 2016). Recently, 
Cravero et al. (2018) have investigated the possible influence of these kinds of agents, i.e. the 
use of gaseous ozone, aqueous ozone, and electrolyzed water on one strain of D. bruxellensis 
that was artificially inoculated on the surface of grapes, and on its growth through the 
following, inoculated fermentation of grape must. It has been found that none of these 
treatments was able to remove D. bruxellensis cells. However, the most effective treatment of 
those three turned out to be gaseous ozone, as the highest reduction of D. bruxellensis cells 
was determined in wines treated by this agent.  
As it has already been mentioned, the most preventive measures are basically hygienic, i.e. it 
is desirable to have clean and thoroughly sanitized processing equipment like pumps, drains, 
valves, hoses, bottling section, as well as barrels and tanks. In addition, one of potential 
vectors for infection is fruit fly infection (Licker et al., 1997). Within the pre-fermentative 
operations, it is possible to perform a range of actions by which a spoilage contamination 
with D. bruxellensis can be considerably decreased. One way is to reduce the precursors 
content and therefore also the potential VP creation. Concerning this, usual oenological 
technique is the avoidance of pectinolytic enzymes that possess high cinnamoyl esterase 
activity during maceration, so the HCA would be less released from their esterified form 
(Gerbaux et al., 2002). Also, lower maceration temperatures have been shown as effective to 
decrease precursors extraction and formation (Gerbauxand and Vincent, 2001). To date, the 
most commonly used additive that hinders the D. bruxellensis growth is sulphur dioxide 
(SO2), and complete and fast fermentations are needed in order to add sulphite as soon as 
possible. However, it is not easy to keep SO2 stable for long, particularly during aging in 
barrels, considering the effect of mild oxidation. Chatonnet et al. (1993) observed that at pH 
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3.65 in red wine, initial doses of free SO2 (15, 25, 30, and 35 mg/L) significantly decreased 
after four months of aging in barrels (6, 11, 10, and 15 mg/L, respectively). After the addition 
of SO2, one of D. bruxellensis responses is entering into VBNC state. Thus, the yeast can still 
be present after depletion of SO2 and its viability and capacity to produce VP persist in this 
state, because they still exist as a part of enzymatic activity (Laforgue and Lonvaud-Funel, 
2012). Continuous addition of sulphur dioxide may disallow the D. bruxellensis recognition 
when the culture growth media methods are used. Du Toit et al. (2005) observed that the SO2 
rapidly affects D. bruxellensis, greatly reducing cells viability and completely eliminating 
their cultivability as soon as 330 min after addition. It is known that excessive concentrations 
of SO2 may affect the red wine colour, contributing to the bleaching, and wine aroma could 
be affected as well (Ribéreau-Gayon et al., 2000). Milheiro et al. (2017b) reported that the 
growth of D. bruxellensis is only inhibited at pH < 2.62, so the pH control for this yeast 
growth is not viable, as higher pH is found in wines. However, the molecular SO2 
concentration depends on pH, as it was observed that 30 mg/L of free SO2 releases 0.4 mg/L 
of molecular SO2 at pH 3.7, and 0.8 mg/L at pH 3.4 (Henick-Kling et al., 2000). The addition 
of O2 can support durability and growth of D. bruxellensis if the wine contains low SO2 
content, but it is very difficult to maintain the absence of O2 because racking and other 
transfers or transport are common winemaking operations. When there are any doubts that 
wine contains D. bruxellensis, exposure to O2 should be avoided and molecular SO2 should 
be checked frequently and altered to at least 25-35 mg/L of free SO2. Suárez et al. (2007) and 
Oelofse et al. (2008) reported the effectiveness of racking in order to remove wine lees and 
potential of SO2 to act antimicrobially. Sulphiting and racking actions overcame the excitant 
O2 influence on spoilage yeast growth (Kheir et al., 2013; Aguilar Uscanga et al., 2003). As 
Rubio et al. (2015) reported, lower D. bruxellensis levels were obtained in wine aging in 
aerobic conditions followed by racking and sulphiting, than in wine which aged in combined 
conditions, i.e. in aerobic and anaerobic conditions. Regular racking as technological 
operation in the winemaking process is usually performed in order to remove sediment cells, 
specifically D. bruxellensis (Renouf and Lonvaud-Funel, 2004). In contrast, Guilloux-
Benatier et al. (2001) observed a decrease of VP concentration in red wine aged on the fine 
lees, in comparison to the same wine but aged without yeast lees.  
Another alternative procedure in order to eliminate HCA precursors is to use Saccharomyces 
cerevisiae yeast, which possesses high HCD activity, forming vinylphenols that react with 
anthocyanins from grape and form pyranoanthocyanin vinylphenolic compounds with high 
stability of colour (Morata et al., 2006; Morata et al., 2013). Benito et al. (2009) examined the 
influence of S. cerevisiae strains containing high HCD on the VP precursors concentration, 
and observed that using these gives a possibility to minimize undesirable changes that are a 
consequence of D. bruxellensis presence in red wines. This alternative procedure turned out 
as successful in Tempranillo variety grape must, and significant differences were determined 
in the formation of VP content. During AF, Morata et al. (2003) reported that 
pyranoanthocyanic molecules structurally similar to vinylphenol derivatives like vitisins A 
and B could be produced at a significant level by selected yeast strains. These compounds, 
formed by the condensation of vinylphenols and vitisin A, are very stable substances and give 
a dark red-blue colour to the wine (Mateus et al., 2006). There is an observation that selected 
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wine LAB also have the ability to break the bond between tartaric acid and HCA (Chescheir 
et al., 2015). Hence, one of the criteria in choosing commercial LAB should include their 
lack of ability to degrade these acids, and in that way to secure satisfying sensory 
characteristics. Preventive approach will therefore consider providing controlled and safe 
MLF. Nevertheless, sometimes the addition of commercial starters to induce MLF is not 
successful due to a very severe wine environment (Ruiz et al., 2010). Another biological 
method to prevent spoilage is the use of non-Saccharomyces strains. It was shown that 
Metschnikowia pulcherrima releases the pulcherriminic acid, which acts as an inhibitor of 
D. bruxellensis growth. From this point of view, Berbegal et al. (2018) highlighted the role of 
selected starter cultures in D. bruxellensis development control and VP formation prevention. 
Promoting the AF and MLF in the winemaking process is one of the crucial points to avoid 
growth of spoilage microorganisms.  
As SO2 induces possible allergenic reactions and its content decreases during longer wine 
aging, new chemical alternatives were investigated. One of them is dimethyldicarbonate 
(DMDC), whose antimicrobial effectiveness and inhibition ability was proven within the 
legal limits (200 mg/L). A dose of 400 mg/L cannot completely hinder B. anomalus, but on 
the other hand, doses of 250-400 mg/L can inhibit other fermentative species (Delfini et al., 
2002). It was suggested to use the DMCD after MLF, because it can affect fermenting species 
like S. cerevisiae and Oenococcus oeni, even after bottling (Renouf et al., 2008). In the 
European Union, it is authorized to add DMDC only prior to the bottling and in wines that 
contain more than 5 g/L of residual sugars. It has also been stated that this works efficiently if 
the yeast counts are below 500 CFU/mL (Malfeito-Ferreira, 2018). For the initial inoculum of 
500 CFU/mL, it was proposed that the minimal inhibitory concentration of DMDC was 
100 mg/L for the yeast species D. bruxellensis, Schizosaccharomyces pombe, Pichia 
guilliermondii, and S. cerevisiae (Costa et al., 2008). Besides, it is quickly hydrolysed in wine 
into methanol and CO2 and therefore it cannot completely replace the SO2 (Delfini et al., 
2002; Costa et al., 2008). DMDC also needs to be well homogenized before use, which 
makes the cost of the treatment higher. Additionally, DMDC hydrolysis releases some 
methanol content, which should be tracked, if excessive content is suspected (Malfeito-
Ferreira, 2018). Another antimicrobial agent is polysaccharide chitosan, derived from fungal 
chitosan, which showed biocidal and inhibitory action within the legal limit of 10 g/hL. 
Chitosan has a selective effect on D. bruxellensis, i.e. it causes delaying of the latent phase in 
S. cerevisiae mixed cultures (Gómez-Rivas et al., 2004). D. bruxellensis and B. intermedius 
cannot develop in the presence of 3-6 g/L of chitosan, and at the same time it does not 
influence the S. cerevisiae development. Kiskó et al. (2005) observed that 0.05-0.1% of 
chitosan delays spoilage at 25 ˚C, while inactivating other species. Chitosan antimicrobial 
activity is more effective between 5 to 10 days on different strains of D. bruxellensis, while 
S. cerevisiae, alcohol content and MLF were not affected.  
Certain weak acids, such as fumaric, benzoic and sorbic, also have an antifungal activity and 
can be utilized as prevention to D. bruxellensis. It was reported that sorbic acid inhibits the 
conversion step of precursors to 4-EP, and D. bruxellensis species appeared to be more 
resistant to sorbic acid (Benito et al., 2009). However, the sorbic acid inhibitory 
concentration turned out to be no less than four times higher than 200 mg/L, i.e. the legal 
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limit (Milheiro et al., 2017a). Benzoic acid showed efficient activity for D. bruxellensis 
control, but its use is not approved in winemaking. These weak-acid preservatives actually 
hinder the growth of microorganisms, making their lag phases longer, instead of eliminating 
them. Utilizing antioxidants (erythorbic and ascorbic acids) during wine maturation can also 
reduce the oxygen presence, and in that way also prevent VP formation (Suárez et al., 2007). 
Wine fining turned out to be an effective technique as it helps D. bruxellensis flocculation 
and later also their removal with sediment (Millet and Lonvaud-Funel 2000; Murat and 
Dumeau 2003). Murat and Dumeau (2003) showed that by using fining proteins, it is possible 
to reduce D. bruxellensis by 40 to 2000-fold. Winemakers sometimes avoid these fining 
agents, since they also influence wine colour and aroma. However, intense fining can almost 
remove entire yeast populations (Suárez et al., 2007). Casein or potassium caseinate as fining 
agents can reduce VP levels, if these are not too high in wine (Ruiz-Hernández, 2003). The 
temperature of wine aging is very important since it has been proven that wines are more 
sensitive to this kind of taint in months with higher temperatures (Chatonnet et al., 1993). 
Low cellar temperatures are being proposed in order to prevent cell growth and delay of VP 
formation. Stable levels of 4-EP with VBNC of D. bruxellensis populations during low 
temperature storage (6−8 ˚C) were proposed by Barata et al. (2008b). On the other hand, 
lethal heat-treatment showed significant inactivation, when D. bruxellensis in wine was 
exposed to 35 ˚C, also stimulated by the ethanol content in wine (Couto et al., 2005). 
Additionally, Barata et al. (2008b) observed that temperatures around 36 ˚C overnight should 
be a logical choice in cases where viable cells of D. bruxellensis are found. These authors 
also reported that this kind of treatment did not have a detrimental influence on wine quality, 
and wine could be heated in tanks made of stainless steel using electric devices, or simply 
bottled wines could be heated. However, these kinds of treatments are advisable only in cases 
when an increase of VP has been detected. Another efficient physical treatment is wine 
filtration (Renouf et al. 2007b). This kind of microbial stabilisation is usually performed 
before bottling, so the possibility of recontamination should be lower. As D. bruxellensis is 
known by its elongated shape and in VBCN state its cells may have the ability to go through 
filters as fine as 0.45 μm (Suárez et al., 2007), in order to obtain efficient filtration, pore size 
smaller than 0.45 μm has to be used (Calderón et al., 2004). Umiker et al. (2012) reported 
that removal using filtration is strain-specific, and authors suggested the addition of 0.5 mg/L 
molecular SO2 and the use of 1.2 μm membrane filtration in order to decrease D. bruxellensis 
population and to obtain a microbiologically stable wine. Nevertheless, winemakers try to 
avoid treatments such as micro-filtration and heat treatment, as this act deleteriously on the 
colloidal wine structure as well as on its colour and aroma. Therefore, other techniques have 
been developed and evaluated with better results. These new technological approaches 
include pulsed electric field, high-pressure processing. and low electric current methods. The 
treated wines did not have aromatic defects compared to the control wines (Puig et al., 2003; 
Puértolas et al., 2009; Lustrato et al., 2010; Morata et al., 2012).  
Puértolas et al. (2009) demonstrated that pulse electric field treatment successfully reduced 
99.9% of must and wine spoilage microbiota, without colour and odour change, and all 
microbial species showed higher sensitivity in wine medium compared to grape must. The 
use of low electric current affects cell morphology and integrity, rupturing the membrane 
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system, also without change in colour and odour (Lustrato et al., 2010). Application of 
pressures from 400 to 500 MPa for 5-15 min, at temperatures from 5 to 20 ˚C can minimize 
D. bruxellensis population, LAB, and acetic acid bacteria by more than 99% (Puig et al., 
2003). This treatment also showed reduction in SO2 content and did not cause major 
alternation to the wine quality in any properties, i.e. physicochemical, enzymatic, and 
sensorial.  
2.7 REMOVING OR REDUCING VP IN WINE 
Prevention is surely the best strategy to avoid VP in wine, however if they appear, a number 
of methods were developed in order to reduce their impact on aromatic wine characteristics. 
These methods are divided in two groups based on the type of action: non-extractive or 
extractive. The former techniques are based on decreasing the VP headspace content, by 
reducing their partition coefficients to the gas phase, while VP content in wine has not been 
changed (Milheiro et al., 2017a; Petrozziello et al., 2014). The latter techniques remove VP 
content by decreasing their headspace concentration. Non-extractive methods of reducing the 
impact of VP have been much less examined (Milheiro et al., 2017b; Petrozziello et al., 
2014), even though they showed some advantages, like lower impact on other wine 
characteristics, observed in many extractive methods (Chassagne et al., 2005; Nieto-Rojo, et 
al., 2014; Filipe-Ribeiro et al., 2017; Milheiro, et al., 2017b). International Organization of 
Vine and Wine (OIV) authorized several oenological products tested in wines, and these are 
activated carbon, yeast cell walls, egg albumin, and potassium caseinate. The most efficient, 
within legal limits, are potassium caseinate, egg albumin, and activated carbon.  
Activated carbon dose of 100 g/hL successfully eliminated as much as 74% of 4-EP and 79% 
of 4-EG, and showed efficiency at removing the adverse sensory impact that was validated 
using sensory analysis (Filipe-Ribeiro et al., 2017). A dose of 200 g/hL of potassium 
caseinate removed these two VP but not as efficiently as activated carbon, i.e. 33% for 4-EP 
and 42% for 4-EG was achieved, but the efficiency regarding sensorial properties has not 
been assessed (Barbosa et al., 2012). The treatments with egg albumin (10 g/hL) and oak 
chips (300 g/hL) showed lower efficiency (on average 19% and 15% VP removal) (Barbosa 
et al., 2012; Milheiro et al., 2017a), but their sensory influences were not assessed. Besides, 
egg albumin and potassium caseinate are potential allergens and therefore it is mandatory to 
label them, if residual concentration in wines is above 0.25 mg/L (Regulation EU 579/2012). 
Chassagne et al. (2005) observed effectiveness of yeast lees in removing VP. Lees are mainly 
composed of dead yeast cells, mixed with tartaric acid salts and bacteria. Other constituents 
of wine may also be sorbed by yeast, which influence the sorption of both VP, with higher 
effect on 4-EP. Caridi et al. (2007) demonstrated a correlation between polyphenols 
adsorption and the presence of dead or live yeast cells in wine. In any case, yeast lees showed 
an efficient approach, and were cost effective in decreasing organoleptic wine defects. On the 
other hand, Barbosa et al. (2012) observed that yeast cell walls and fine yeast lees were 
effective in doses of 300 g/hL (on average 28% of VP removal) and 3000 g/hL (on average 
40% of VP removal). However, it was shown that high doses can also significantly influence 
other wine aromatic compounds. 
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The ability of some polymers based on cellulose units such as fibres of cellulose acetate 
propionate, cellulose acetate butyrate, cellulose acetate, and cellulose propionate, were tested 
in VP reduction. Treatment with cellulose propionate and cellulose acetate propionate 
achieved the best results, but cellulose acetate propionate is more appropriate according to 
classification of Food and Drug Administration. With a dose of 4 g/L, during 60 min wine 
contact it is possible to reduce both VP by an average of 31-32%. This kind of treatment did 
not influence colour, total proanthocyanidins and catechins, and wines were sensorially better 
evaluated. These polymer fibres can be regenerated using ethanol or aqueous solution (pH 
12), while the efficiency does not change (Larcher et al., 2012). Polyaniline showed high 
detrimental effect in decrease of total polyphenols, by as much as 44% (Marican et al., 2014). 
Molecularly imprinted polymers were synthesised and applied in order to adsorb 4-EP and 
4-EG without influencing other wine compounds (Garde-Cerdán et al., 2008; Teixeira et al., 
2015). The application of these polymers showed high adsorption for both VP, and 
anthocyanins content was also decreased. In any case, sensory analysis of wines treated by 
these polymers showed improvement of wine flavour (Teixeira et al., 2015). 
Polyvinylpolypyrrolidone (PVPP), as well as charcoal, were used by some wineries in order 
to treat wines that contain VP. In general, PVPP causes reduction of all polyphenols; phenolic 
acids (HCA) flavonoids (anthocyanins, catechins, procyanidins) and protein complexes. For 
slight off-odours, the recommended dose of charcoal was from 0.015 to 0.024 g/L, and for 
more intense off-odours 0.96 g/L of PVPP was used for removing VP (Suárez et al., 2007). It 
was noticed that treatment with PVPP could decrease the 4-EP concentration by 11% if the 
wine was slightly contaminated, but in highly contaminated wines, the decrease of VP was 
not statistically significant for all used fining agents (Lisanti et al., 2008). However, the 
PVPP influence was discussed and data in literature are contradictory (Lisanti et al., 2008). 
Besides, the phase of adding clarifying agents is very important, but it does not have the same 
effect if added before or after fermentation (Kheir et al., 2013). The application of non-
extractive methods was described only in two works (Milheiro et al., 2017a; Filipe-Ribeiro et 
al., 2018). Oenological products that have shown significant decrease in the headspace aroma 
abundance of VP, without changing their concentration in wine, are isinglass, 
carboxymethylcellulose, and chitosan. However, sensory analysis of the treated wines has not 
been performed (Milheiro et al., 2017a). Recently, Filipe-Ribeiro et al. (2018) observed that 
the use of chitosans decreased the negative sensory phenolic impact and bitterness features of 
wine, simultaneously increasing the floral features, without changing the VP content of wine. 
Ugarte et al. (2005) have observed that concentration of VP can be reduced by adsorption and 
reverse osmosis. Initial VP concentration was reduced by 77% after only 3 h of treatment 
using reverse osmosis and tangential-flow equipment, without losing wine colour, tannins, 
body or ethanol, but with aromatic compounds reduction (Suárez et al., 2007). Also, a 
procedure using membrane technology combined with an adsorbent has been developed and 
validated in Inter Rhone. The method is aimed to specifically adsorb VP after gathering 
treated and untreated wine. It was demonstrated that this technique reduces VP concentration 
by 90%, while most other parameters were not changed, except the alcohol level that 
decreased by 5% (Vuchot et al., 2007). Palomero et al. (2011) reported that certain 
lyophilized S. cerevisiae and Schizosaccharomyces pombe yeasts are capable to adsorb 4-EP. 
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This technique did not show its practical use as the anthocyanins content was reduced, 
leading to the loss of wine colour.  
2.8 MONTENEGRIN VITICULTURE AND WINEMAKING 
Viticulture and winemaking in Montenegro have a very long tradition dating back as far as 
the pre-Roman period (Vuksanović, 1977). The oldest historical document in which grape 
growing of autochthonous grape varieties was mentioned, particularly Kratošija variety, on 
the territory of the present Montenegro is the Medieval Budva’s Statute from fifteenth 
century. Although Montenegro is a small country, located in Balkan Peninsula, this country is 
very rich in grapevine diversity (Maraš, 2019). Nowadays, autochthonous Montenegrin grape 
varieties are dominant in viticulture of this country, and the most represented grape variety 
aimed for red wine production is Vranac, followed by Kratošija. As regards the whites, there 
are Krstač and Žižak. According to the last zoning of viticulture regions in Montenegro from 
2017, geographical viticulture production areas are divided in four main regions: 
Montenegrin basin of Skadar lake (with sub-regions: Kuči, Crmnica, Rijeka, Podgorica, 
Piperi, Katuni, and Bjelopavlići); Montenegrin coast (sub-regions: Boka Bay, Budva-Bar, 
Ulcinj, and Adriatic hinterland); Nudo; and the fourth region Montenegrin north (with sub-
regions: Dragalj polje, Nikšić, Šćepan polje, and Bijelo Polje) (Zoning of viticultural 
geographic production area of Montenegro, 2017). 
There are many reports by the authors from former Yugoslavia, indicating that Vranac and 
Kratošija are autochthonous Montenegrin grape varieties (Stojanović, 1929; Bulić, 1949; 
Ulićević, 1959, 1966; Nastev, 1967; Zirojević, 1979; Pejović, 1988, Burić, 1995, Maraš, 
2000; Maraš et al., 2004; Milosavljević, 2008). It was also reported by Calò et al. (2008) that 
Kratošija is a synonym of the grape variety Primitivo from Italy, Crljenak Kaštelanski from 
Croatia, and Zinfandel from California, and they also suggested a first-degree relationship 
between Kratošija and Vranac varieties. Maraš et al. (2012a) have reported that Kratošija 
variety has appeared in Montenegrin vineyards before Vranac. This is supported by the fact 
that Kratošija is a very heterogeneous grape variety, confirmed by the presence of many 
biotypes (Maraš, 2000; Maraš et al., 2004). Recently, it has been proposed that the best 
candidate representing the spreading centre and the place of origin of grape variety Kratošija 
and its synonyms (Zinfandel, Primitivo, and Crljenak Kaštelanski) is Montenegro (Maraš et 
al., 2014). 
It was also reported that Vranac has been transferred to Macedonia in the 1950s and later 
spread out through the other countries of former Yugoslavia (Nastev, 1967). Besides, the 
wine of Vranac grape variety has been recognized as a very rich, full body wine, with high 
polyphenols and anthocyanins content, and high antioxidant activity (Radonjić et al., 2019). 
Due to its recognition and prevalence in wine production of Balkan countries, Vranac grape 
variety and its wines have been the focus of research by many authors (Ivanova et al., 2011, 
2012; Pajović et al., 2011; Kostadinović et al., 2012; Maraš et al., 2012; Košmerl et al., 2013; 
Maraš et al., 2014; Pajović et al., 2014; Bogićević et al., 2015; Mitić et al., 2016; Šućur et al., 
2015; Raičević et al., 2017; Maraš et al., 2017; Pajović-Šćepanović et al., 2018; Radonjić et 
al., 2018). Most of these reports were focused on the profile of phenolic compounds and 
technologies in order to improve the content of these compounds, while some of them dealt 
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with ampelographic characteristics and origin of Vranac variety. Owing to very favorable 
conditions for grape growing in Montenegro, beside autochthonous grape varieties, an 
increase of vineyards with international grape varieties such as Cabernet Sauvignon and 
Merlot is evident (Pajović-Šćepanović et al., 2018). There are also reports indicating that 
these international grape varieties achieve excellent results in Podgorica sub-region and that 
their wines are very compatible in blend with Vranac wine, so that recommendations for 
further planting and spreading have been given (Maraš et al., 2012b; Pajović-Šćepanović et 
al., 2018). However, none of these reports have dealt with the formation of volatile phenols in 
wines made from autochthonous grape varieties (Vranac and Kratošija) and from 
international ones grown in the vineyards of Montenegro. 
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3 MATERIAL AND METHODS 
Within the research project we examined the influence of different commercial yeasts, 
different commercial LAB and oak alternatives on VP production, i.e. 4-EP and 4-EG in 
Montenegrin red wines made from two autochthonous grape varieties (Vranac and Kratošija), 
as well as in wine made of international grape variety (Cabernet Sauvignon) during two 
consecutive vintages 2012 and 2013. Detailed descriptions of used material and applied 
methods are given below. 
3.1 EXPERIMENTAL DESIGN 
3.1.1 Vineyards, grape maturation and harvest 
Grapes of all three examined varieties were grown in the vineyards of the "13 jul Plantaže" 
a.d. company at Ćemovsko field (2310 ha), Montenegro (Figure 3). This site belongs to the 
sub-region of Podgorica, which is a part of the viticulture region Montenegrin Basin of 
Skadar Lake. The geographical location is between 41°50' and 42°45' north latitude and 16° 
and 17° east longitude. Examined grapes of autochthonous grape varieties Vranac and 
Kratošija were planted in 2003 at the Dinoš micro-locality, while Cabernet Sauvignon grape 
variety was planted in 2006 at the micro-locality Pista, within Ćemovsko field (Figure 3). For 
all three grape varieties the same distance of planting (2.6 m × 0.7 m) was applied, vines were 
formed in the shape of single Guyot and Paulsen 1103P rootstock was used. Besides, the 
equal agro-techniques were applied in the vineyards of all three examined grape varieties, 
from the winter pruning to the grape harvest.  
Grape maturation was followed determining basic chemical parameters of grape must, i.e. 
sugar content (%), pH, and total acids (g/L). Visual and sensory evaluation was performed as 
well, in order to determine the physiological and technological maturity. After achieving 
grape maturity, manual harvest was performed and grape was transported to the cellar for 
microvinification to further processing.  
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Figure 3: Map of vineyards where examined grape varieties were grown (left) and map of vineyards “Ćemovsko 
polje” (right). The source of the maps: https://www.google.com/maps (left) and from the archive of the 
company “13. Jul Plantaže” a.d. (right) 
Slika 3: Zemljevid vinogradov, na katerih so bile gojene proučevane sorte grozdja (levo) in zemljevid 
vinogradov „Ćemovsko polje“ (desno). Izvor zemljevidov: https://www.google.com/maps (levo) in iz arhiva 
podjetja “13. Jul Plantaže ”a.d. (desno) 
 
Figures 4-6 represent the grape harvest of the examined grapes and their grape bunches. 
Vranac grape variety is known as a variety that achieves full maturity in the third epoch, but 
in ecological conditions of Montenegro it ripens in the middle of September. It is a high 
yielding grape variety with cylindrical shape of bunch that can be medium large or large, and 
very dense. Grape berries have a very thin skin and this grape variety is very sensitive to 
noble rot caused by fungus Botrytis cinerea, especially if there were intensive rainfalls during 
ripening (Milosavljević, 2012). As Kratošija grape variety is in a very close relationship with 
Vranac, they share similarities in terms of morphology. Kratošija also has very dense grape 
bunch of cylindrical shape with medium density, and its berry has a very thin skin, making 
this grape variety very sensitive to noble rot, just like Vranac. Cabernet Sauvignon is a grape 
variety originating from the French grape growing region Bordeaux. In the last few decades, 
this grape variety was introduced in Montenegrin vineyards achieving very good quality of 
grape and wines. Compared to autochthonous Montenegrin grape varieties, Cabernet 
Sauvignon differs very much in its morphology. Grape bunch of this variety is small, of 
cylindrical shape and loose, while grape berries are also small, of globose shape and with 
thick skin. This grape variety is very resistant to noble rot (Milosavljević, 2012).  
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Figure 4: Vranac grape variety bunch 
Slika 4: Grozd sorte ′Vranac′ 
 
Figure 5: Kratošija grape variety bunch 
Slika 5: Grozd sorte ′Kratošija′ 
 
Figure 6: Cabernet Sauvignon grape variety bunch 
Slika 6: Grozd sorte ′Cabernet Sauvignon′ 
3.1.2 Alcoholic fermentation 
Before inoculation of alcoholic fermentation, the following parameters were determined in 
the grape must of all three examined grape varieties: specific gravity, sugar content (%), pH, 
and total acidity (g/L). Where it was necessary, total acidity and pH were adjusted to the 
appropriate values using tartaric acid.  
Alcoholic fermentations (AF) of all trials were performed in bigger PVC barrels (500 L 
volume) according to the traditional method, in order to ensure enough volume that could be 
after assessable not only for selected yeast, but for lactic acid bacteria, as well. In this way AF 
and MLF were promoted in replicable manner. For each grape variety we performed four 
trials of AF which consisted of CONTROL (CTRL) wine without addition of commercial 
yeast, i.e. AF was spontaneous and other three trials were with addition of different 
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commercial yeast: BDX – Uvaferm BDX, BM4x4 – Lalvin BM4x4, and ICVD21 – Lalvin 
ICVD21 (Figure 7). The yeast was prepared by rehydration (30 g/100 L) in water (30 °C) and 
applied to the must for fermentation. For the vinification of control wines, an average of 100 
kg grapes of all varieties was sampled. For trials with yeast addition, we used an average 
grape sample of varieties as follows: 400 kg of Vranac and Kratošija varieties and 320 kg of 
Cabernet Sauvignon variety. Potassium metabisulfite, purchased from Agroterm KFT, 
Hungary, was added; 0.08 g/kg of grapes of all varieties. All enzymes, wine yeasts, LAB, and 
yeast nutrients were obtained from Lallemand (France). Pectolytic enzyme Lallzyme EX-V 
for maceration (0.02 g/kg) that beside enhancing extraction of anthocyanins and aromatic 
substances, also could enhance the content of HCA i.e. precursors of VP. Yeast nutrient Go-
ferm protect (30 g/hL) were added at the beginning of fermentation, while yeast nutrient 
Fermaid E (25 g/hL) was added during fermentation of all varieties. During the fermentation, 
the pomace was mechanically "pumped over". The temperature of fermentation ranged from 
23 to 30 ˚C. After AF, all four lots of wine per grape variety were racked. 
 
Figure 7: Scheme illustration of alcoholic fermentation experiment 
Slika 7: Shema ponazoritve eksperimenta alkoholne fermentacije 
3.1.3 Malolactic fermentation 
In order to study the influence of different commercial LAB, all wines with addition of 
commercial yeast (BDX, BM4x4 and ICVD21) were separated after alcoholic fermentation in 
three identical quantities for MLF (Figure 8). Two lots were inoculated with different 
commercial LAB (Enoferm ALPHA (Alpha) and Lalvin VP41 (VP41) (1g/hL) and for the 
third lot, MLF was spontaneous CONTROL (CTRL) i.e. one without addition of LAB. Both 
selected commercial LAB for driving MLF are Oenococcus oeni strains with unique 
performance and winemaking properties. Besides, both strains stood out as highly tolerant, 
performing MLF under the most difficult winemaking conditions, such as very high alcohol 
content, as well as low pH. After all, the most important fact for this research is that they are 
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cinnamoyl esterase negative, i.e. cannot produce precursors for ethylphenol production by 
D. bruxellensis. After completion of MLF, wines were racked; potassium metabisulfite was 
added in an amount depending on the free SO2, in order to avhieve desirable content to at 
least 30-35 mg/L of free SO2. 
 
Figure 8: Scheme illustration of malolactic fermentation experiment 
Slika 8: Shema ponazoritve eksperimenta jabolčno-mlečnokislinske fermentacije 
 
3.1.4 Wine maturation 
After MLF we had 10 samples of wine per grape variety, i.e. 30 samples all together. Then all 
wines, except the control one (without addition of commercial yeast and LAB), were divided 
in three identical amounts to mature for three months in contact with oak alternatives (Figure 
9); therefore, we had control wine without addition of oak, and wines with addition of blocks 
and chips (4 g/L) (Medium plus toasted, French oak, Pronektar). Wine maturation occurred in 
glass jars and at the room temperature of ~ 15 °C. After three months of maturation, wines 
were bottled and stored for aging. Bottles were put in cardboard wine boxes and laid 
horizontally. The wine covered the cork and aging was at anaerobic conditions. The room 
temperature was set at ~ 15 °C. In total, after maturation we had 28 samples of wine per each 
grape variety i.e. 84 wine samples all together. All wines were dry wines, with a reducing 
sugar content up to 4 g/L.  
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Figure 9: Scheme illustration of experiment of wine maturation phase 
Slika 9: Shema ponazoritve eksperimenta faze zorenja vina 
3.2 MATERIALS 
3.2.1 Meteorological data 
Figures 10-13 present the average monthly temperatures, total monthly rainfalls and absolute 
maximum and minimum monthly temperatures during 2012 and 2013 (Institute of 
hydrometeorology and seismology of Montenegro). Throughout the vegetative season lasting 
from April 1st to September 30th within the sub-region of Podgorica, at the vineyards of 
Ćemovsko field, in the vintage 2012 total rainfall was 616 L/m2, which is by 19.4% higher 
than the climate normal, and the average daily temperature was 24.3 ˚C, which is higher by 
2.9 ˚C compared to the climate normal. In April, an average monthly temperature was 
14.5 ˚C, higher by 0.5 ˚C in comparison to the climate normal, while huge amounts of rainfall 
in this month were evident (351 L/m2), which is higher than the climate normal by no less 
than 142%. Temperatures in May were also higher, with an average daily temperature of 
19.9 ˚C, warmer by 0.9 ˚C than the climate normal, and total rainfall in May was 132 L/m2, 
by 45% more than the climate normal. In June, total rainfall was 34 L/m2, which is by 46% 
lower amount compared to the climate normal, and the average daily temperature was by as 
much as 4.5 ˚C higher than the climate normal, i.e. it was 27.3 ˚C. Temperatures during July 
were also higher in comparison to the climate normal, an average daily temperature being 
30.4 ˚C, higher by 4.4 ˚C in comparison to the climate normal, and only 11 L/m2 of rainfall 
was noticed, while the average for this month is 38 L/m2. These meteorological conditions 
required additional irrigation in the vineyards, otherwise dehydration of grape berries would 
occur. Almost the same conditions as during July happened in August. An average monthly 
temperature was 29.7 ˚C, i.e. by 4.2 ˚C higher than the climate normal, and besides these high 
temperatures only 1 L/m2 of total rainfall was evident, i.e. by 58 L/m2 less in comparison to 
the climate normal. In August also, there was a need for additional irrigation in order to 
prevent grape berries dehydration. Conditions during September were more favorable, with 
total rainfall of 87 L/m2, which is by 27.5 L/m2 less than the climate normal, while the 
average monthly temperature was 23.9 ˚C (2.6 ˚C higher in comparison to the climate 
normal).  
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During the vegetative season of the vintage 2013, an average daily temperature was 23.4 ˚C, 
higher by 2 ˚C in comparison to the climate normal. Therefore, a slightly warmer vegetative 
season was evident in comparison to the climate normal. Also, the amount of total rainfall 
during the vegetative season of 2013 was 674 L/m2, i.e. by 30.7% higher than the climate 
normal. April was considerably warmer in comparison to the climate normal, with an average 
monthly temperature of 17.1 ˚C, i.e. by 3.1 ˚C higher than the climate normal. Conditions 
during May were very specific and unfavourable, with frequent rainfalls, i.e. with 211 L/m2, 
which is by 143% higher than the climate normal. Later in June, a deficit of rainfalls was 
evident with a monthly average temperature of 24.5 ˚C, higher by 1.7 ˚C than the climate 
normal. An average monthly temperature in July was 28.5 ˚C, higher by 2.5 ˚C in comparison 
to the climate normal. Besides, high temperatures were followed by a deficit of rainfalls, only 
10 L/m2, which is by 28 L/m2 less compared to the climate normal. During August also, high 
temperatures were evident but were followed by rainfalls, particularly during the third decade 
of the month. An average monthly temperature was 28.8 ˚C, higher by 3.3 ˚C than the climate 
normal, and during this month, total amount of rainfall was 123 L/m2, higher by no less than 
109% comparing to the climate normal. These conditions, high temperatures and excessive 
amounts of rainfalls could imply the development of grapevine diseases, particularly in the 
sensitive ones. In September, an average monthly temperature was 21.3 ˚C, identical to the 
climate normal, and the amount of rainfall was 178 L/m2, by 48% higher than the climate 
normal. 
However, meteorological conditions during the 2012 vegetative season were extreme indeed. 
In springtime, a huge amount of rainfalls was evident, while extremely high temperatures and 
a deficit of rainfalls occurred in July and August. During these two months, the amount of 
rainfall was only 12 L/m2, and in combination with such high temperatures and without 
irrigation, grape berry dehydration could occur, which would also affect the yield in some 
grape varieties. In terms of meteorological conditions, the vegetative season of the vintage 
2013 was less extreme in comparison to 2012, which was extremely warm with a high 
amount of rainfalls during springtime. However, in certain periods lasting for a couple of 
days, certain meteorological parameters were also extreme in 2013 and oscillations, 
particularly for rainfalls, were registered. 
 
Figure 10: Average monthly temperature (˚C) 
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Figure 11: Amount of total monthly rainfall (L/m2)  
Slika 11: Količina mesečnih padavin (L/m2) 
 
 
Figure 12: Absolute minimum monthly temperature (˚C) 
Slika 12: Absolutno najnižja mesečna temperatura (˚C) 
 
Figure 13: Absolute maximum monthly temperature (˚C) 
Slika 13: Absolutno najvišja mesečna temperatura (˚C) 
3.2.2 Commercial starters 
Commercial yeast starters used for inoculation of AF (Table 4) are commercially available 
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positive references from the producer product declaration and scientific papers, and they have 
already been used in the company “13. Jul Plantaže” a.d. Characteristics of used commercial 
yeast are presented in annex A.  
Table 4: Yeast starter cultures used in the experiment 
Preglednica 4: Starterske culture kvasovk, uporabljene v eksperimentu 
Yeast label Commercial name of yeast Yeast strain Producer 
Inoculation 
dose (g/hL) 
BDX UVAFERM BDX™ S. cerevisiae Lallemand, S.A., France 30 
BM4x4 LALVIN BM4X4 S. cerevisiae Lallemand, S.A., France 30 
ICVD21 LALVIN ICV D21 S. cerevisiae Lallemand, S.A., France 30 
Commercial LAB starters used for inoculation of MLF (Table 5) are commercially available 
and were provided from producers. The type of commercial LAB has been chosen, based on 
positive references from the producer product declaration and scientific papers, and they have 
already been used in the company “13. Jul Plantaže” a.d. Characteristics of used commercial 
LAB are presented in annex B. 
Table 5: LAB starter cultures used in the experiment 
Preglednica 5: Starterske culture LAB, uporabljene v eksperimentu 
LAB label Commercial name of LAB LAB strain Producer Inoculation 
dose (g/hL) 
Alpha UVAFERM ALPHA® MBR O. oeni Lallemand, S.A., France 1 
VP41 LALVIN VP41™ O. oeni Lallemand, S.A., France 1 
 
3.2.3 Oak alternatives 
Oak alternatives were used during a period of three months in the size of chips and blocks. 
The average length of used oak chips was 1.5 cm, made of 100% French oak, and the applied 
toasting method was convection for no less than 24 months, medium plus toasted. The size of 
used oak blocks was of 50 x 50 x 12 mm, made of 100% French oak, and the applied toasting 
method was convection for 24 months, medium plus toasted. 
3.2.4 Chemicals 
Chemicals used in all the applied methods in the experiments are presented in the Table 6. 
Table 6: Chemicals used in the methods of the experiment 
Preglednica 6: Uporabljene kemikalije v metodah poskusa 
Used chemicals 
- Acetic acid (Sigma-Aldrich) - Methanol (Sigma-Aldrich) 
- Agar (Bio-Life) - Natrium hydroxide (Centrohem) 
- Ammonium metavanadate (Sigma-Aldrich) - ortho-Phosphoric acid 85% (Sigma-Aldrich) 
- Bromcresol green (Sigma-Aldrich) - p-Coumaric acid (Sigma-Aldrich) 
- Bromthymol blue (Sigma-Aldrich) - Phenolphthalein (Sigma-Aldrich)  
- Calcium hydroxide (Roth) - Potassium chloride solution, 3 mol/L - 3N volumetric standard solution (Roth) 
- Charcoal-Spherobent SCGE (Laviosa 
Chemica Mineraria) - Potassium iodide (Sigma-Aldrich) 
“to be continued” 
“se nadaljuje 
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Continued Table 6: Chemicals used in the methods of the experiment 
Nadaljevanje Preglednice 6: Uporabljene kemikalije v metodah poskusa
*Roth (Karsruhe, Germany), Sigma-Aldrich (St. Louis, MO, USA), Centrohem (Stara Pazova, Serbia), Laviosa 
Chemica Mineraria (Livorno, Italy), Difco (Detroit, USA), Bio-Life (Milano, Italy), Fluka (Muskegon, USA) 
 
3.2.5 Instruments and equipment 
Instruments and equipment used in all the applied methods in the experiments are presented 
in the Table 7. 
Table 7: Instruments and equipment used in the methods of the experiment 
Preglednica 7: Instrumenti in oprema, uporabljeni v metodah eksperimenta 
Used instruments and equipment 
- Agilent 1100 G1312A binary pump (Agilent 
Technologies) 
- Kinetex C18 column (100 × 2.00 mm; 2.6 µm), 
protected by a Gemini C18 Security Guard 
cartridge (4.0 × 2.0 mm) (Phenomenex) 
- Agilent auto-sampler G1330 (Agilent 
Technologies) 
- pipettes 
- combined electrode Unitrode Pt 1000 with 
automatic titrator 785 DMP Titrino (Metrohm) 
- reflux condenser 
- densimeter model Densi Alcomat (Gibertini) - Rtx-20 column (WCOT, dimensions 60 m x 
0.25 mm (i.d.), film thickness 1.0 µm (Restek)  
- digital distilling unit Super Dee (Gibertini) - spectrophotometer 6405 UV/VIS (Jenway) 
- gas chromatograph 7890A (Agilent 
Technologies) 
- SPME fibre, DVB/CAR/PDMS coating, film 
thickness 50/30 µm (Supelco) 
- glassware - SPE 10 positions vacuum manifold 
(Phenomenex) 
- hydrometer with Oechshle scale - Strata- X RP (Phenomenex) 
- mass spectrometric detector 5975C (Agilent 
Technologies) 
- HPLC LC-20A (Shimadzu) 
- measuring cylinder (250 mL) - Supelcogel C-610H HPLC column (Sigma-
Aldrich) 
- Micromass Quattro Micro mass spectrometer 
equipped with an electrospray ionizer source in 
negative mode (ESI-) (Waters Corporation) 
- UV detection SPD-M20A diode array detector 
(Shimadzu) 
*Metrohm (Herisau, Switzerland), Gibertini (Novate Milanese, Italy), Jenway (Staffordshire, UK), Shimadzu 
(Kyoto, Japan), Sigma-Aldrich (St. Louis, MO, USA), Agilent Technologies (Santa Clara, CA, USA), Waters 
Corporation (Milford, MA, USA), Phenomenex (Torrance, CA, USA), Supelco (St. Louis, MO, USA), Restek, 
(Bellefonte, PA USA) 
Used chemicals 
Citric acid monohydrate (Sigma-Aldrich) Sodium acetate trihydrate (Sigma-Aldrich)  
- Copper(II) sulphate-5-hydrate (Roth) - Sodium carbonate anhydrous (Sigma-Aldrich) 
- DL-Malic acid (Sigma-Aldrich) - Sodium hydroxide 1 M (1N) Fixanal (Sigma-Aldrich) 
- Ethanol 96% v/v (Sigma-Aldrich) - Sodium molybdate dihydrate (Roth) 
- GYP medium  - Sodium tetraborate decahydrate (Sigma-Aldrich) 
- Iodine concentrate 0.05 mol (Fluka) - Sodium thiosulphate 0.1 M (Roth) 
- Hydrochloric acid (Sigma-Aldrich) - Sodium tungstate dihydrate (Roth) 
- Hydrogen peroxide (Sigma-Aldrich) - Starch from potatoes (Roth) 
- Lactic acid (Sigma-Aldrich) - Sulphuric acid (Sigma-Aldrich) 
- Lead(II) acetate trihydrate (Sigma-Aldrich) - Yeast nitrogen base – YNB (DB, Difco) 
- L (+)-Tartaric acid (Roth)  - 4-ethylphenol, 99% (GC purity), (Sigma Aldrich) 
- Lithium sulphate monohydrate (Sigma-
Aldrich) - 4-ethylguaiacol, 99% (GC purity), (Sigma Aldrich) 
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3.3.1 Determination of basic chemical parameters of grape must and wine 
 
Basic chemical parameters of grape must and wine were determined according to the 
European Union Commission regulation (EC) 1234/07 and Commission regulation (EC) 
606/09. Analysis of wine chemical parameters were done after AF, MLF, and after aging in 
bottles for four years (wines from vintage 2012) and for three years (wines from vintage 
2013). These analyses included determination of: sugar and alcohol content, volatile acids, 
dry extract, reducing sugars, pH, total acids, tartaric acid, malic acid, lactic acid, total and 
free SO2, total anthocyanins and total polyphenols content. Procedures of applied methods are 
shortly described in the text below. 
3.3.1.1 Determination of sugar content in grape must 
In order to estimate grape ripeness and to determine sugar content in grape must we used 
hydrometer with thermometer and Oechsle scale (0-130 °Oe). In order to achieve more 
precise results, grape berries were taken from shaded and from sunny side bunches, and 
berries were sampled from different part of bunch (the top, middle, left and right sight, lower 
part). After taking a representative sample, berries were smashed, rinsed and put in the 
measuring cylinder of 250 mL volume. Measuring cylinder has to be filled to the top, and 
when putting the hydrometer inside, the excess fluid is pushed out. After measuring values by 
the hydrometer, the percentage of sugar (X) is calculated using the following formula:  
X = °Oe × 0.226 – 3                                                  ... (1) 
3.3.1.2 Determination of total acidity  
Total (titratable) acidity is quantified by titration with a standard 0.1 M sodium hydroxyde 
solution of a sample to the point of pH 7.0, determined with electrode Unitrode Pt 1000, with 
automatic titrator 785 DMP Titrino Metrohm. 10 mL of the sample was pipetted in a 100 mL 
beaker and 40 mL of boiled distilled water was added. The beaker with the sample was 
placed on automatic sampler of the titrator, the titration was performed and calculated TA in 
g/L of tartaric acid was given.  
3.3.1.3 Determination of pH 
For determination of pH in grape must and wine, we used combined electrode Unitrode Pt 
1000 with automatic titrator 785 DMP Titrino Metrohm. After calibration with buffers of pH 
3 and 7, and verification with buffer of 4, pH values of grape must and wine were 
determined.  
3.3.1.4 Determination of reducing sugars 
Reducing sugars in wine were determined by Luff Schoorl method. Luff-Schoorl reagent is 
prepared using: copper sulphate solution (dissolved 25 g copper sulphate pentahydrate in 
50 cm3 of distilled water), citric acid solution (dissolved 31.26 g citric acid monohydrate in 
50 cm3 of distilled water), and sodium carbonate solution (dissolved 143.8 g anhydrous 
sodium carbonate in approximately 300 mL of warm distilled water). Citric acid solution was 
poured into the sodium carbonate solution, and then copper sulphate was addded and made 
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up to 1 dm3 with distilled water. Preparation of the sample consisted of the following steps: 
20 mL of wine was poured in volumetric 200 mL flask, then 2 mL of lead acetate, 2.4 mL of 
sodium sulphate, and 5 g of charcoal were added and filled to mark with distilled water. After 
30 min, the solution was filtered through a filter. After preparing Luff Schoorl's reagent and 
filtered sample, in a 300 ml flask, 25 mL of prepared Luff Schoorl's reagent and 25 mL of 
prepared filtered sample were poured in, with addition of a couple of glass beads, and 
solution was heated to the boiling point. A reflux condenser was fitted to the flask and 
solution was boiled for ten minutes. Then it was cooled immediately under a cold-water jet 
and the following was added to the flask: 10 mL of 30% potassium iodide solution, 25 mL of 
25% sulphuric acid, and 2 mL of starch solution. This solution was titrated with 0.1 M 
sodium thiosulphate solution until a dull yellow colour appeared. The number of spent mL of 
titrant solution was marked as B. The same blank titration was performed (without boiling) 
with the same reagents, and 25 mL of distilled water was added instead of a sample. The 
number of spent mL of titrant solution in blank titration was marked as A. The concentration 
of reducing sugars in the sample was found within the table (Commission regulation (EEC) 
2676/90) as a function of the number calculated from the difference (A – B) of used mL in 
blank and sample titration, and the content of invert sugar is given in the table in g/L.  
 
3.3.1.5 Determination of volatile acidity 
Volatile acids in wine were determined using titration technique with standard sodium 
hydroxide solution of a sample previously distilled by steam. We put 20 mL of wine into the 
flask and added about 0.5 g of tartaric acid. After distillation, 250 mL of the distillate was 
collected and later titrated with the 0.1 M sodium hydroxide solution, adding two drops of 
phenolphthalein as an indicator, until the change of colour (pink). The number of mL of used 
sodium hydroxide was labelled as n. Four drops of diluted hydrochloric acid were added, 
2 mL of starch solution and several potassium iodide crystals, then it was titrated with iodine 
solution (0.005 M) until the colour change (blue). The volume of used iodine solution was 
labelled as n'. Saturated sodium tetraborate solution was added until the pink coloration 
reappeared and titrated again with the iodine solution, 0.005 M. Used volume of mL was 
labelled as n". Volatile acids were expressed as acetic acid (g/L) and calculated according to 
the following equation: 
 
VA (g acetic acid/L) = 0.3 (n - 0.1 n' - 0.05 n")                                         … (2) 
 
3.3.1.6 Determination of alcoholic content 
Alcohol content in wine was determined using distillation of wine with digital distilling unit 
Super Dee, Gibertini, and measuring alcoholic strength by volume using densimeter model 
Densi Alcomat, Gibertini. 100 mL of wine was transferred into the distillation flask; 10 mL 
of calcium hydroxide (2 mol/L) and a few pieces of inert porous material was also added. The 
distillate was collected in a 100 mL graduated flask, filled up to 100 mL with distilled water, 
keeping the temperature from 15 to 25 °C. The alcohol content was measured using 
hydrostatic balance, which is connected with alcomat, giving directly the values of alcohol 
content within the appropriate temperature range. 
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3.3.1.7 Determination of total dry extract 
The total dry extract was calculated indirectly from the specific gravity of the alcohol-free 
wine. The specific gravity of the alcohol-free wine was determined using the following 
equation:  
 
dr = dv - da + 1.000                                                                   … (3) 
Where: 
dr = specific gravity of the alcohol-free wine at 20 °C, 
dv = specific gravity of the wine at 20 °C, obtained by using densimeter model Densi 
Alcomat, Gibertini, 
da = specific gravity at 20 °C of a distillate given from the procedure described in 3.3.1.6. 
 
Using the value for specific gravity of the alcohol free wine, the total dry extract was 
obtained from the relevant table (Commission regulation (EEC) 2676/90) and was reported in 
g/L to one decimal place.  
 
3.3.1.8 Determination of free and total SO2 
Free sulphur dioxide is determined by direct titration with iodine solution. In a conical flask 
50 mL of wine sample was added, followed by 10 mL of diluted sulphuric acid (1:4) and 
3 mL of 1% starch solution as an indicator. Titration was done immediately with 0.01% 
solution of iodine, until the blue colour persisted clearly for 10 to 15 s. The amount of free 
SO2 was calculated based on the amount of used iodine from the appropriate table 
(Commission regulation (EEC) 2676/90).  
Total sulphur dioxide was determined also by direct titration with iodine solution. In a 
conical flask, 50 mL of wine sample and 25 mL of 1 N sodium hydroxide solution were 
added, and it was left for 10 min in order to transform all sulphur into the free form. To the 
solution, 15 mL of sulphuric acid (1:4) and 3 mL of starch solution were added. Titration was 
done with 0.02 M iodine solution until the blue colour persisted. The amount of total SO2 was 
calculated based on the amount of used iodine from the appropriate table (Commission 
regulation (EEC) 2676/90).  
3.3.1.9 Determination of tartaric acid 
Tartaric acid determination in wine was performed in the way that firstly free tartaric acid 
was precipitated in the form of natrium (±) tartrate. The crystalline precipitate was removed 
using the filter, and then diluted and neutralized as salt of tartaric acid with the sodium 
hydroxide solution. In order to precipitate the free tartaric acid, 5 mL of wine sample was 
mixed with 25 mL of solution I. Solution I was made with 80 mL of concentrated acetic acid 
and 320 mL of 27% sodium acetate, made up to 1000 mL with distilled water. In the mix of 
wine sample and solution, 5 g of charcoal was added and the mixture was filtered. An amount 
of 10 mL was taken from the filtrate and mixed with solution II. Solution II was made of 4 g 
ammonium metavanadate in 200 mL of 0.1 M sodium hydroxide solution, and then 150 mL 
of this mixture was transferred into a 500 mL flask, with addition of 27% of natrium acetate 
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and made up to the mark with distilled water. After 10 min of mixing the filtrate sample and 
solution II, measuring was performed at the 535 µm wavelength using spectrophotometer 
6405 UV/VIS Jenway (UK). Blank test was done with distilled water instead of wine sample. 
Calibration curve was constructed using standard solution of tartaric acid with different 
concentrations. The final result of tartaric acid in wine was expressed as g/L.  
3.3.1.10 Determination of malic and lactic acids content in wine 
Determination of malic and lactic acid content in wine was performed in cooperation with 
Centre for Ecotoxicological Research in Podgorica, Montenegro. In order to follow the 
progress of MLF, wine samples were analysed using high pressure liquid chromatography 
(HPLC). For that purpose, we used the model Shimadzu HPLC LC-20A and a 
SUPELCOGEL C-610H HPLC column and UV detection for simultaneous determination of 
organic acids in wine. Simple isocratic mobile phase was used and minimal sample 
preparation, with retention times for malic acid (12.9 min) and for lactic acid (16.0 min). 
After identification of malic and lactic acids, their concentrations were determined measuring 
the area under the curve within the given chromatogram. Using these values and using results 
obtained for standards, the content of acids was calculated. We prepared five standards with 
different concentrations of malic and lactic acids with the aim to make a calibration curve. 
Malic and lactic acids were diluted in 10 mL of 96% ethanol solution, made up to 100 mL 
with distilled water. Previously, samples were centrifuged at 4000 rpm for 10 min, and then 
filtered through a 0.45 µm size filter.  
Chromatographic conditions were as follows: 
• mobile phase: 0.1% H3PO4; 
• temperature: 30 °C; 
• flow rate: 0.5 mL/min; 
• injection volume: 20 µL; 
• detection wavelength: 210 nm UV 
3.3.1.11 Determination of total phenolic content in wine 
The method is based on the fact that all phenolic compounds in wine are oxidized by Folin-
Ciocalteu reagent (Singleton and Rossi, 1965). This reagent represents the mixture of 
phosphotungstic acid and phosphomolybdic acid. After oxidation of phenols, the mixture is 
reduced to blue oxides of tungsten and molybdenum. The blue coloration produced has a 
maximum absorption in the region of 750 nm, and is proportional to the total quantity of 
phenolic compounds originally present. Folin-Ciocalteu reagent was prepared as follows: in a 
flask in boiling water bath, we dissolved 100 g of sodium tungstate and 25 g of sodium 
molybdate in 700 mL of distilled water. After dilution, we added 50 mL of 85% phosphoric 
acid and 100 mL of concentrated hydrochloric acid. The mixture was boiled using reflux 
condenser for 10 h and then we added 150 g of lithium sulphate and 10 mL of 30% hydrogen 
peroxide, boiling it for another 15 min. After cooling, the mixture was made up to 1000 mL 
with distilled water. Procedure for determination of total polyphenolic compounds consisted 
of following steps: in a 100 mL volumetric flask 1 mL of diluted (1/5) wine sample, 50 mL of 
distilled water, 5 mL of prepared Folin-Ciocalteu reagent. and 20 mL of 20% sodium 
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carbonate solution was added and made up to 100 mL with distilled water. After desolvation 
and leaving the mixture for 30 min, the absorbance was measured at 750 nm through a path 
length of 1cm with respect to a blank prepared with distilled water in place of the wine. The 
model of used spectrophotometer was 6405 UV/VIS Jenway (UK). The result is expressed in 
the form of an index obtained by multiplying the absorbance by 100 for red wines diluted 1/5. 
A calibration curve was constructed using a gallic acid standard solution (0-100 mg/L) using 
the same procedure as above. The total phenolic concentration was expressed as gallic acid 
equivalents (g GAE/L). 
 
3.3.1.12 Determination of total anthocyanin content in wine 
The total monomeric anthocyanins were determined using the pH differential method (Giusti 
and Wrolstad, 2001). Determining the appropriate dilution factor for the sample was done by 
diluting with potassium chloride buffer (pH 1.0), until the absorbance of the sample at λvis-max 
was within the linear range of the spectrophotometer. The initial volume to obtain the dilution 
factor (DF) divided the final volume of the sample. Two dilutions of the sample were 
prepared, one with potassium chloride buffer (pH 1.0), and the other with sodium acetate 
buffer (pH 4.5), diluting each by the previously determined DF. These dilutions were 
equilibrated for 15 min. The absorbance of each dilution was measured on a model 6405 
UV/VIS Jenway (UK) Spectrophotometer at the λvis-max and at 700 nm (A700) (to correct for 
haze), against a blank cell filled with distilled water. The absorbance of the diluted wine 
sample (A) was calculated as follows: 
 
A = (Aλvis-max – A700) pH 1.0 – (Aλvis-max – A700) pH 4.5                        … (4) 
 
The mass concentration of anthocyanins (γA) was expressed in cyanidin-3-glucoside 
equivalents as mg per liter of wine sample and calculated according to the following formula: 
 
γA = (A × MW × DF × 1000)/(ε × 1)                                      … (5) 
Where MW is the molecular weight, DF is the dilution factor and ε is the molar absorptivity.  
3.3.2 Isolation of Dekkera bruxellensis yeast from grape must and wine 
Liquid DBDM (Dekkera/Brettanomyces Differential Medium) was used for isolation of 
yeasts belonging to the genus Dekkera. Samples of must and wine (0.1 mL) were inoculated 
in 5 ml of DBDM (6.7 g/L yeast nitrogen base – YNB (DB, Difco), ethanol (6% v/v) 
(Sigma), 10 mg/L p-coumaric acid (Sigma), 22 mg/L bromocresol green (Sigma). In presence 
of Dekkera yeasts the medium changed colour from green to yellow and had a characteristic 
smell of VP formed from p-coumaric acid (Rodrigues et al., 2001).  
3.3.3 Analysis of the individual phenolic compounds by LC-MS/MS 
For the sample preparation of grape must and wine in order to extract polyphenolic compounds 
was used Solid Phase Extraction (SPE) method. In that purpose, solid phase extraction column 
Strata-X RP 100 mg was used. The procedure consisted of next steps: conditioning with 3 mL 
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of methanol; equilibration with 3 mL of 10% methanol; 3 mL of sample addition; rinsing with 
3 mL of 10% methanol solution; drying under vacuum for 5 min using SPE 10 position vacuum 
manifold and at the end elution with 1 mL of 1% acetic acid in methanol (1:99). The LC-
MS/MS system consisted of an Agilent 1100 binary pump (G1312A) and an auto-sampler 
(G1330B) coupled with a Micromass Quattro Micro mass spectrometer equipped with an 
electrospray ionizer source in negative mode (ESI-) (Waters, Milford, MA, USA). Reversed-
phase HPLC separation was carried out using a Kinetex C18 column (100 × 2.00 mm; 2.6 µm), 
protected by a Gemini C18 Security Guard cartridge (4.0 ×uu 2.0 mm) (Phenomenex, USA). 
The mass spectrometer was operated in negative ion mode (ESI-) with the following 
parameters: capillary voltage = 3.5 kV, cone voltage = 20 V, extractor = 2 V, source 
temperature = 120 °C, desolvation temperature = 350 °C, while the cone gas flow was 30 L/h 
and the desolvation gas flow was 350 L/h. The mobile phase components were 0.1% formic 
acid (A) and acetonitrile (B). The mobile-phase gradient used was: 3% B for 2 min; 3% - 60% 
B in 2-20 min; 60% - 100% B in 20-21 min; 100% B in 21-25 min; 100% - 3% B in 25-26 min 
and 3% B in 26-35 min. The injection volume was 5 µL and the column temperature was 30 °C. 
The flow rate of the mobile phase was 0.300 mL/min. The phenolic acids were identified on the 
basis of their retention times, MS spectra and molecular ion identification. Quantification of 
these compounds was calculated relative to the corresponding external standards from the 
calibration curves of 10 points with spiked samples that covered the range from 0.1 mg/L to 
40 mg/L. Next, phenolic compounds were determined using this method, including flavonols 
(quercetin, myricetin, kaempferol, luteolin, apigenin), HBA (3,4-dihydroxybenzoic acid, 
vanillic acid, gallic acid), HCA (p-coumaric acid, caffeic acid, ferullic acid, syringic acid, 2-
hydroxycinnamic acid), rutin, phenolic aldehyde (vanillin), flavanon (naringerin), catechol 
(1,2-dihydroxybenzene), 2,4,6-trihydroxybenzaldehyde, ellagic acid, caffeic acid ester 
(chlorogenic acid), stilbene (trans-resveratrol) and additionally in 2013 stilbenes were 
determined (cis-resveratrol, trans-piceid and cis-piceid) and two flavan-3-ols (catechin and 
epicatechin).  
3.3.4 Determination of 4-ethylphenol and 4-ethylguaiacol content 
Volatile phenols (VP) were determined using Solid Phase Micro Extraction (SPME) GC-MS 
method. Calibration solutions (at least five) were prepared in synthetic wine (i.e. 10% (v/v) 
ethanol in deionised water) in the range 0.02 – 0.5 mg/L. Each calibration solution and wine 
sample were subjected to the extraction and analytical method in triplicate. A 5.0 mL portion 
of the calibration solution or wine sample was measured into a 20 mL headspace vial, 
crimped and thermostated in a water bath for 10 min at 50 ˚C. An SPME fibre 
(DVB/CAR/PDMS coating, film thickness 50/30 µm from Supelco, USA) was inserted in the 
headspace and the compounds were sampled for 45 min at 50 ˚C. The fibre was subsequently 
removed from the headspace, inserted into the injector port of a gas chromatograph and 
desorbed for 5 min at 250 ˚C. The selectivity of method was confirmed and correlation 
parameter (R2) for 4-EP was 0.9949, while for 4-EG was 0.9960.  
Analysis was performed with a gas chromatograph with mass spectrometric detector (Agilent 
Technologies 7890A GC with MSD 5975C, Agilent Technologies, USA). The temperature 
program on column Rtx-20 (WCOT, dimensions 60 m x 0.25 mm (i.d.), film thickness 
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1.0 µm, from Restek, USA) was: 50 ˚C (2 min) – 12 ˚C/min – 180 ˚C – 50 ˚C/min – 240 ˚C 
(20 min). Carrier gas was helium at constant pressure. Temperature of the injector was 
250 ˚C, temperature of the GC-MS interface was 250 ˚C. Electron impact (EI) ionisation at 
70 eV was used and the chromatograms were recorded in the total ion current (TIC) mode 
(m/z 30-550). Compounds were identified on the basis of their retention times by comparison 
with standards and from their mass spectra using the searchable EI-MS spectra library 
(NIST05). The peak area for quantification was measured in the TIC chromatogram.  
3.3.5 Statistical data analysis 
All experiments were not performed in biological triplicate, so the statistical analysis of three 
analytical repeats was performed. The experimental data were evaluated statistically using the 
SAS (SAS/STAT, 1999). The basic statistical parameters were calculated using the MEANS 
procedure. The data were tested for normal distributions and analysed according to a GLM 
(General Linear Model) procedure. The statistical models included the main effects of the 
commercial yeast (and LAB) addition (CY; BDX, BM 4x4, ICVD21, and CTRL; CYL; 
BDX-ALPHA, BDX-CTRL, BDX-VP41, BM 4X4-ALPHA, BM 4X4-CTRL, BM4X4-
VP41, CONTROL, ICVD21-ALPHA, ICVD21-CTRL, and ICVD21-VP41) and oak addition 
(OA; chips, staves, and control) as well as their interaction: yijk = µ + CY(L)i + OAj + 
CY(L)*OAij + eijk. The mean values for the experimental groups were obtained using the 
Least Square Means (LSM) test, and they were compared at the 5% probability level.  
3.3.6 Sensory analysis 
After the phase of wine aging with addition of oak, in both research years, the panel of three 
experienced tasters evaluated the wines on their sensory properties. At a temperature of 
17 oC, 81 samples were evaluated for both years. For the evaluation, 100-point O.I.V. method 
was used. The results of sensory analysis were statistically evaluated using the GLM (General 
Linear Model) procedure.  
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4 RESULTS AND DISCUSSION 
The main objective of this study was to determine the impact of different commercial yeasts 
and LAB, as well as of the use of oak alternatives on VP formation in Montenegrin red wines 
made of two autochthonous grape varieties (Vranac and Kratošija) and of one international 
grape variety (Cabernet Sauvignon). The research was performed in 2012 and 2013 vintages. 
In order to investigate the occurrence of D. bruxellensis species in grape microflora, grape 
must and wines were analysed on D. bruxellensis presence after finished AF. Standard 
chemical parameters of grape must and wine were also determined, in order to establish 
relationship with occurrence of VP, thus to improve the general quality of this important 
product. Besides, the profile of phenolic compounds, including the content of VP precursors, 
was determined in grape must and in wine after AF and MLF. Eventually, the presence of VP 
was analysed in wines after AF and MLF, as well as after maturation with addition of oak 
alternatives and after four (samples from vintage 2012) and three years of aging (samples 
from vintage 2013). In the following text, the obtained results from both vintage years will be 
presented and discussed.  
4.1 RESULTS OBTAINED IN THE 2012 VINTAGE 
4.1.1 Basic chemical parameters of grape must 
In Table 8, the basic quality parameters of grape must of examined grape varieties Vranac, 
Kratošija, and Cabernet Sauvignon are presented, as well as the date of the harvest and 
achieved yield in the experimental plots. In the agro-ecological conditions of sub-region 
Podgorica, Cabernet Sauvignon ripens quite early, i.e. at the end of August, and its grapes 
were the first to be harvested. Besides, the yield of Cabernet Sauvignon grapes was the 
lowest, with the lowest pH and the highest sugar content and total acidity. Kratošija and 
Vranac grapes were harvested later, first Kratošija and later Vranac. The highest yield was 
determined for Vranac grapes, with the highest pH, while sugar content was the lowest and 
total acidity as well. Kratošija grapes achieved higher sugar content compared to Vranac, 
with higher acidity level and lower pH.  
Table 8: Harvest date, yield and basic chemical parameters of grape must of examined grape varieties, vintage 
2012 
Preglednica 8: Datum trgatve, pridelek in osnovni kemijski parametri grozdnega mošta proučevanih sortah 
grozdja, letnika 2012 
Grape variety Vranac Kratošija Cabernet Sauvignon 
Harvest date 19.09. 10.09. 25.08. 
Yield (kg/vine) 4.56 3.38 1.46 
Sugar content (%) 20.7 23.1 23.6 
Total acids (g/L) 3.61 5.46 6.85 
pH 3.70 3.57 3.35 
 
4.1.2 Kinetics of AF and basic parameters of wine after AF 
The AF of Vranac grape must lasted from 5 to 7 days. AF inoculated with ICVD21 yeast was 
finished first, while the AF inoculated with BDX yeast took more time to be finished. In the 
grape must of Cabernet Sauvignon and Kratošija, the situation was similar, in both varieties 
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the AF of the CTRL must was the longest one, while AF inoculated with ICVD21 yeast 
finished first as well. The kinetics of AF of all examined grape varieties with different 
commercial yeast is presented in the Figures 14-16.  
 
Figure 14: The kinetics of the alcoholic fermentation of Vranac grape variety – vintage 2012 
Slika 14: Kinetika alkoholne fermentacije mošta vranac – letnik 2012 
 
Figure 15: The kinetics of the alcoholic fermentation of Kratošija grape variety – vintage 2012 
Slika 15: Kinetika alkoholne fermentacije mošta kratošija – letnik 2012 
 
Figure 16: The kinetics of alcoholic fermentation of Cabernet Sauvignon grape variety – vintage 2012 
Slika 16: Kinetika alkoholne fermentacije mošta cabernet sauvignon – letnik 2012 
Basic chemical parameters of wine after AF in the 2012 vintage are presented in Table 9. 
There were no significant differences regarding the alcohol content and pH in examined 
wines among the used commercial starters and between the grape varieties as well. Regarding 
the content of reducing sugars after AF, wines made of Kratošija grape variety had the 
highest content, particularly wine after spontaneous AF, i.e. control wine. Similar 
observations were noticed in wines made of autochthonous grape varieties Vranac and 
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in wines inoculated with the BDX yeast, and the highest in control wines. On the contrary, in 
wines of Cabernet Sauvignon, the lowest content of reducing sugars was determined in wine 
after spontaneous AF and in the one inoculated with BDX commercial yeast, and the highest 
content was noticed in BM4x4 wine. However, the influence of different commercial yeast 
on reducing sugars content was statistically significant (p<0.05) for all the examined wines, 
and there were also statistically significant differences among varietal wines. The influence 
of inoculation with commercial yeast was statistically significant on total acids in wines made 
of Vranac and Cabernet Sauvignon. There are statistically significant differences in relation 
to varietal wines that were inoculated with ICVD21 yeast and in control wines. The highest 
content of total acids of all wines was determined in Cabernet Sauvignon inoculated with 
ICVD21 yeast, and also in Vranac and Kratošija the highest content was determined in 
ICVD21 wines, while the lowest content in these two wines was found in control wines. 
Additionally, significant differences were found in wines depending on the used commercial 
yeast and among varietal wines for the following parameters: tartaric acid, volatile acids, free 
and total SO2, total polyphenolic and anthocyanins content. The highest content of free and 
total SO2 was noticed in Vranac wines. The lowest content of free SO2 was determined in 
Kratošija control wine and in Cabernet Sauvignon wine inoculated with ICVD21 commercial 
yeast. Within Vranac wines, the lowest content of free SO2 was noticed in wine inoculated 
with ICVD21 commercial yeast, while the highest content was noticed in wine inoculated 
with BDX yeast and control wine. Concerning total SO2 in Vranac wines, there was an 
opposite situation, the highest content was determined in ICVD21 wine, and the lowest in 
control wine. Within the Cabernet Sauvignon wines, like in Vranac wines, the highest content 
of free SO2 was determined in control wine, while the highest content of total SO2 was found 
in BDX wine and the lowest in ICVD21 wine. The same values of free SO2 were determined 
in Kratošija and Cabernet Sauvignon wines inoculated with BDX and BM4x4 commercial 
yeast, as well as the same content of total SO2 was found in control wines of these two grape 
varieties. The highest content of total SO2 in Kratošija wines was determined in wine 
inoculated with BM4x4 commercial yeast, followed by ICVD21 wine, and the lowest content 
was found in BDX wine. The highest content of total dry extract was determined in Kratošija 
wines, particularly in wine inoculated with BM4x4 yeast and control wine. Statistically 
significant differences were observed in wines of Kratošija and Cabernet Sauvignon with and 
without addition of commercial yeast, while in Vranac wines statistically significant 
differences were not observed. In addition, there were no significant differences among 
varietal wines, except for wines with spontaneous AF. Kratošija wines had the lowest content 
of total polyphenols, while the highest total content of polyphenols was observed in Cabernet 
Sauvignon wines, particularly in wine inoculated with BDX yeast. 
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Table 9: Basic chemical parameters of wine after AF, 2012 vintage 
Preglednica 9: Osnovni kemijski parametri vina po AF, letnik 2012 
Parameter Grape variety YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Alcohol (vol.%) 
Vranac 12.32 12.30 12.34 12.14 0.61 0.9761 
Kratošija 13.92 13.39 13.08 13.17 0.67 0.4618 
Cabernet 
Sauvignon 13.61 13.45 13.80 13.42 0.68 0.8945 
SE  0.67 0.65 0.65 0.65   
PGV  0.0551 0.1282 0.1076 0.0884   
pH 
Vranac 3.29 3.33 3.34 3.48 0.17 0.5627 
Kratošija 3.39 3.36 3.37 3.61 0.17 0.3014 
Cabernet 
Sauvignon 3.59 3.52 3.45 3.61 0.18 0.689 
SE  0.17 0.17 0.17 0.18   
PGV  0.1728 0.3975 0.7258 0.6132   
Reducing sugars 
(g/L) 
Vranac 1.44dB 3.37cC 4.38bA 6.58aB 0.22 <.0001 
Kratošija 2.85dA 6.08bA 4.48cA 9.90aA 0.32 <.0001 
Cabernet 
Sauvignon 1.25cB 5.18aB 2.64bB 1.06cC 0.15 
<.0001 
SE  0.10 0.25 0.20 0.34   
PGV  <.0001 <.0001 <.0001 <.0001   
Total acids (g/L) 
Vranac 7.60a 7.22a 7.73aB 6.43bB 0.36 0.0093 
Kratošija 6.95 7.26 7.38B 6.68B 0.35 0.1445 
Cabernet 
Sauvignon 7.30b 7.67b 9.28aA 7.50bA 0.40 0.0011 
SE  0.36 0.37 0.41 0.34   
PGV  0.1723 0.3248 0.0028 0.0207   
Tartaric acid 
(g/L) 
Vranac 3.78bA 3.89bB 2.88cB 4.30aB 0.19 <.0001 
Kratošija 2.91bB 3.49aC 2.69bB 3.40aC 0.16 0.0006 
Cabernet 
Sauvignon 3.78bA 3.89bB 2.88cB 7.70aA 0.19 <.0001 
SE  0.16 0.20 0.15 0.27   
PGV  0.0011 0.0071 0.008 <.0001   
Volatile acids 
(g/L) 
Vranac 0.15bC 0.30aB 0.30aC 0.30aA 0.01 <.0001 
Kratošija 0.20cB 0.40aA 0.40aA 0.30bA 0.02 <.0001 
Cabernet 
Sauvignon 0.25cA 0.40aA 0.35bB 0.25cB 0.02 
<.0001 
SE  0.01 0.02 0.02 0.01   
PGV  <.0001 0.0008 0.0013 0.0074   
Total dry extract 
(g/L) 
Vranac 34.40 37.00 35.40 37.00 1.80 0.2826 
Kratošija 34.60b 41.10a 35.70b 40.10a 1.90 0.0071 
Cabernet 
Sauvignon 33.30b 38.80a 35.70ba 34.10b 1.78 0.0228 
SE  1.71 1.95 1.78 1.86   
PGV  0.6268 0.1064 0.9721 0.0213   
Free SO2 (mg/L) 
Vranac 17.92aA 15.36bA 12.80cA 17.92aA 0.81 0.0001 
Kratošija 15.36aB 10.24bB 8.96cB 7.68dB 0.55 <.0001 
Cabernet 
Sauvignon 15.36bB 10.24cB 7.68dC 17.92aA 0.67 
<.0001 
SE  0.81 0.61 0.50 0.76   
PGV  0.0125 <.0001 <.0001 <.0001   
“to be continued” 
“se nadaljuje”
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




Continued Table 9: Basic chemical parameters of wine after AF, 2012 vintage 
Nadaljevanje Preglednice 9: Osnovni kemijski parametri vina po AF, letnik 2012 
SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean values with a different 
letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences between the grape varieties); mean values with a 
different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences between the used commercial yeast) 
The highest total content of polyphenols in Vranac wines was observed in BDX wine. In this 
study, Vranac confirmed its varietal characteristics in regard to the higher content of total 
anthocyanins, and varied from 767 mg/L in ICVD21 wine to 1247 mg/L in BDX wine. 
Kratošija as a grape variety showed the lowest potential for obtaining anthocyanins content, 
which varied from 310 mg/L in control wine to 527 mg/L in BM4x4 wine. Cabernet 
Sauvignon wines had higher content of anthocyanins compared to Kratošija, but significantly 
lower in comparison to Vranac wines, and the values of total anthocyanins content varied 
from 458 mg/L in BM4X4 and 464 mg/L in control wine to 594 mg/L in BDX and 639 mg/L 
in ICVD21wine. 
4.1.3 Dekkera bruxellensis in grape must and wine after AF 
In the 2012 vintage, the presence of D. bruxellensis species was not detected either in grape 
must or in wine of all three examined grape varieties. This confirms that these yeasts are 
present in extremely low numbers at the beginning of fermentation, and therefore they may 
go undetected even when enrichment technique developed for their recovery is used (Wedral 
et al., 2010; Rodrigues et al., 2001). Since yeasts grow slowly, they usually impart flavours 
only when the wine is aged. D. bruxellensis is rarely found during the AF of the must (Wright 
and Parle, 1973) although they have been isolated alongside Saccharomyces (Froudiere and 
Larue, 1988).  
4.1.4 Hydroxycinnamic acids in wine after AF 
In this research, determined free HCA were p-coumaric acid, 2-hydroxycinnamic acid, ferulic 
acid, caffeic acid, and syringic acid. However, in Table 10, the contents of three free HCA, 
which are the precursors for formation of volatile phenols (VP) are presented. In the 2012 
vintage, within the wines inoculated with commercial yeast, Vranac contained a significantly 
Parameter Grape variety YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Total SO2 
(mg/L) 
Vranac 46.08bA 56.32aA 57.60aA 39.68cA 2.52 <.0001 
Kratošija 26.88bB 51.20aB 48.64aB 28.16bB 2.02 <.0001 
Cabernet 
Sauvignon 29.44aB 28.16aC 21.76bC 28.16aB 1.35 0.0001 
SE  1.76 2.34 2.27 1.62   




Vranac 3050aB 2810baA 2350cB 2620bB 0.14 0.0014 
Kratošija 1860aC 1910aB 1920aC 1300bC 0.09 <.0001 
Cabernet 
Sauvignon 3920aA 2730cA 2940cbA 3160bA 0.16 
<.0001 
SE  0.15 0.13 0.12 0.12   




Vranac 1247aA 889bA 767cA 863bA 48 <.0001 
Kratošija 415bC 527aB 453bC 310cC 22 <.0001 
Cabernet 
Sauvignon 594aB 458bC 639aB 464bB 27 
<.0001 
SE  42 33 32 30   
PGV  <.0001 <.0001 <.0001 <.0001   
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higher content of p-coumaric acid, in comparison to Cabernet Sauvignon and Kratošija wines. 
An average content of this acid was 1.23 mg/L in Vranac wines, while in Cabernet Sauvignon 
and Kratošija average content of this acid was 0.58 mg/L and 0.25 mg/L, respectively. The 
influence of commercial yeast addition and the influence of grape variety on the content of p-
coumaric acid was observed as statistically significant. However, the highest content of this 
acid was determined in Cabernet Sauvignon after spontaneous AF, while in Kratošija and 
Vranac, the highest contents were observed in wines inoculated with BDX yeast and the 
lowest in control wines.  
There were also significant differences in the content of ferulic acid among varietal wines, as 
well as among wines inoculated with different commercial yeast. Kratošija wine with no 
addition of commercial yeast obtained the highest content of ferulic acid (0.57 mg/L), while 
Vranac obtained the lowest content of this acid, not even detected in wine with ICVD21 
yeast. Cabernet Sauvignon also obtained the highest content of this acid in control wine − 
without addition of commercial yeast, while in Vranac wine, inoculation with BDX yeast 
gave the highest content of ferulic acid.  
In this research, the predominant free HCA in all three varieties of 2012 vintage was caffeic 
acid. Pajović et al. (2014) analysed the ester forms of HCA with tartaric acid (trans-caftaric 
acid, cis- and trans-coutaric acid, and fertaric acid) and free forms (trans-caffeic, trans-p-
coumaric, and trans-ferulic acids) of berry skin and pulp. Their study also showed that from 
all the analysed HCA, caftaric acid prevailed, whereas coutaric acid showed much lower 
contents. Different commercial yeast did not statistically significantly influence caffeic acid 
content of Cabernet Sauvignon wines, while differences were significant in wines of 
examined autochthonous grape varieties. Kratošija wine inoculated with ICVD21 obtained 
the highest content of caffeic acid (10.44 mg/L), while Vranac showed the highest value in 
control wine (9.76 mg/L). The lowest content of caffeic acid was determined in Kratošija 
control wine, even in traces (0.02 mg/L). In varietal wines in this research, the ratios of p-
coumaric and ferulic acid varied from 0.03 (control) to 4.50 (BM4x4) in Kratošija, from 1.11 
(BDX) to 13.59 (control) in Cabernet Sauvignon and from 3.38 (control) to 22.89 (BM4x4) 
in Vranac wines.  
Table 10: The content of the VP precursors (mg/L) and the ratio of p-coumaric/ferulic acid in wines after AF, 
2012 vintage 
Preglednica 10: Vsebnost prekurzorjev VP (mg/L) in razmerje p-kumarne/ferulne kisline v vinih po AF, letnik 
2012 
Precursor Grape variety Commercial yeast SE PCY BDX BM4x4 ICVD21 CTRL 
p-Coumaric 
acid 
Vranac 1.79aA 1.45bA 1.38bA 0.29cB 0.07 <.0001 
Kratošija 0.48aB 0.23bB 0.25bB 0.02cC 0.01 <.0001 
Cabernet Sauvignon 0.09cC 0.21bB 0.15cbC 1.86aA 0.05 <.0001 
SE  0.05 0.04 0.04 0.05   
PGV  <.0001 <.0001 <.0001 <.0001   
Ferulic acid 
Vranac 0.11aB 0.06cB nd 0.09bC 0.00 <.0001 
Kratošija 0.20bA 0.05cC 0.08cA 0.57aA 0.02 <.0001 
Cabernet Sauvignon 0.08cC 0.10bA 0.07cB 0.14aB 0.00 <.0001 
SE  0.01 0.00 0.00 0.02   
PGV  <.0001 <.0001 <.0001 <.0001   
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Continued Table 10: The content of the VP precursors (mg/L) and the ratio of p-coumaric/ferulic acid in wines 
after AF, 2012 vintage 
Nadaljevanje Preglednice 10: Vsebnost prekurzorjev VP (mg/L) in razmerje p-kumarne/ferulne kisline v vinih 
po AF, letnik 2012 
Ratio of  
p-coumaric/ 
ferulic acid 
Vranac 16.88bA 22.89aA - 3.38cB 0.82 <.0001 
Kratošija 2.34cB 4.50aB 3.25bA 0.03dC 0.15 <.0001 
Cabernet Sauvignon 1.11cC 2.15bC 2.07bB 13.59aA 0.35 <.0001 
SE  0.49 0.68 0.14 0.40   
PGV  <.0001 <.0001 0.0004 <.0001   
SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean 
values with a different letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences 
between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast); nd − not detected 
The sum of individual phenolic compounds including flavonols (quercetin, myricetin, 
kaempferol, luteolin, apigenin), HBA (3,4-dihydroxybenzoic acid, vanillic acid, gallic acid), 
HCA (p-coumaric acid, caffeic acid, ferullic acid, syringic acid, 2-hydroxycinnamic acid), 
rutin, phenolic aldehyde (vanillin), flavanon (naringerin), catechol (1,2-dihydroxybenzene), 
2,4,6-trihydroxybenzaldehyde, ellagic acid, caffeic acid ester (chlorogenic acid), stilbene 
(trans-resveratrol) in wines after spontaneous and inoculated AF in the 2012 vintage is 
presented at Figure 17.  
 
Figure 17: Sum of individual phenolic compounds (mg/L) of examined wines with spontaneous and inoculated 
alcoholic fermentation with different yeast (2012 vintage)  
Slika 17: Seštevek posameznih fenolnih spojin (mg/L) proučevanih vin spontane in inokulirane alkoholne 
fermentacije z različnimi kvasovkami (letnik 2012) 
Determined individual phenolic compounds, shown in Figure 17, were: flavonols (quercetin, 
myricetin, kaempferol, luteolin, apigenin), HBA (3,4-dihydroxybenzoic acid, vanillic acid, 
gallic acid), HCA (p-coumaric acid, caffeic acid, ferullic acid, syringic acid, 2-
hydroxycinnamic acid), rutin, phenolic aldehyde (vanillin), flavanon (naringerin), catechol 
(1,2-dihydroxybenzene), 2,4,6-trihydroxybenzaldehyde, ellagic acid, caffeic acid ester 



















 Spontaneous AF Inoculated AF
Precursor Grape variety Commercial yeast SE PCY BDX BM4x4 ICVD21 CTRL 
Caffeic acid 
Vranac 6.79bB 6.68bB 7.30bC 9.76aA 0.39 <.0001 
Kratošija 8.11cA 9.04bA 10.44aA 0.02dC 0.40 <.0001 
Cabernet Sauvignon 8.63A 9.00A 8.77B 8.32B 0.43 0.35 
SE  0.39 0.42 0.45 0.37   
PGV  0.0031 0.0007 0.0004 <.0001   
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Higher total content of phenolic compounds was observed in Kratošija and Vranac wines. 
Particularly, as much as 6.5-fold higher content of total phenolic compounds was found in 
Kratošija wine after inoculated AF, in comparison to wine after spontaneous AF, while in 
Vranac wines 1.6-fold higher total content of phenolics was observed when AF was 
inoculated with commercial yeast. However, regarding the wines after spontaneous AF, the 
highest total phenolic content was determined in Cabernet Sauvignon, followed by Vranac 
and Kratošija wines, which is in accordance with results obtained by Pajović et al. (2014). 
 
By determination of some phenolic compounds after AF, it was observed that the majority of 
all analysed phenolic compounds in examined wines represent free HCA (Figure 18). In 
Kratošija wines, inoculated with commercial yeast the share of free HCA was (63.7 ± 1.3)%, 
followed by Cabernet Sauvignon ((55.8 ± 2.0)%) and Vranac ((43.1 ± 7.5)%). The results 
obtained in Kratošija wines are in agreement with previously reported data for Zinfandel 
wines from California (De Beer et al., 2004). In this study, an average content of total free 
HCA in varietal wines inoculated with commercial yeast was similar in all three varietal 
wines, the highest average content was determined in Vranac wines (11.47 mg/L), followed 
by Cabernet Sauvignon wines (11.41 mg/L) and Kratošija (10.83 mg/L). While in the case of 
spontaneous wines, higher differences were observed for an average total content of free 
HCA among varietal wines, i.e. 13.63 mg/L, 11.33 mg/L, and 0.82 mg/L for Cabernet 
Sauvignon, Vranac, and Kratošija, respectively. An average content of total free HCA and 
hydroxybenzoic acids (HBA) between varietal wines was evidently different. Whereas, in 
Kratošija and Cabernet Sauvignon wines, the percentage of HBA was lower than HCA ((31.3 
± 0.9)% and (38.1 ± 2.5)%, respectively), their amount in Vranac wines was almost the same 
((44.3 ± 3.0)%).  
 
Figure 18: Concentrations of different phenolic groups (mg/L) of examined wines with spontaneous (CTRL) 
and inoculated (comm. yeast) alcoholic fermentation (2012 vintage) 
Slika 18: Koncentracije različnih fenolnih skupin (mg/L) proučevanih vin spontane (CTRL) in inokulirane 























Kratošija CTRL Kratošija comm. yeast Vranac CTRL
Vranac comm. yeast Cabernet Sauvignon CTRL Cabernet Sauvignon comm. yeast
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




The higher content of HBA was observed in all varietal wines inoculated with commercial 
yeast, compared to the wines with spontaneous AF. Also, the highest content in both 
(inoculated and wines after spontaneous AF) of total HBA was noticed in Cabernet 
Sauvignon wines (13.83 and 7.81 mg/L, respectively), followed by Vranac (12.00 and 4.41 
mg/L, respectively) and Kratošija with 5.33 and 1.50 mg/L of HBA, respectively.  
In order to identify patterns between specific phenolic compounds, which could give useful 
information to distinguish the varietal wines produced with or without commercial yeast and 
LAB, linear discriminant analysis (LDA) was used. After AF, LDA analysis for 10 phenolic 
compounds showed that complete separation of the group with respect to the used 
commercial yeast, i.e. (F1 + F2 = 98.9%) was achieved (Figure 19). 
The abbreviations in Figure 19, shown on next page, represent: CTRL control, yeast: BDX, 
BM4x4, ICVD21, Rut rutin, Kpf kaempferol, Lut luteolin, Nart naringenin, DHBA34 3,4-
dihidroxybenzoic acid, HCA2 2-hydroxycinnamic acid, GalA gallic acid, FerA ferulic acid, 
CGA chlorogenic acid, tres trans-resveratrol. Complete separation was achieved for two 
hydroxycinnamic acids (ferulic acid, 2-hydroxycinnamic acid), flavonols (kaempferol, rutin), 
flavone (luteolin), flavanon (naringerin), hydroxybenzoic acids (gallic acid, 3,4-
hydroxybenzoic acid), caffeic acid ester (chlorogenic acid), and stilbene (trans-resveratrol). 
 
Figure 19: LDA grouping of wines based on different commercial yeast and on the 10 significant components 
from 21 analysed compounds. LDA factor 1 and LDA factor 2 together comprise 98.9% of total variability  
Slika 19: LDA-združevanje vin na podlagi različnih komercialnih kvasovk in na podlagi 10 pomembnih spojin 
od 21-tih analiziranih spojin. Faktor 1 in faktor 2 skupaj predstavljata 98,9 % celotne variabilnosti 
 
4.1.5 Basic chemical parameters after MLF 
Basic chemical parameters determined in wines after finished MLF in the vintage 2012 are 
presented in Annex E. Based on the achieved results, it was noticed that there was no 
statistically significant influence of addition of commercial yeast and LAB on the content of 
alcohol and the values of pH in examined wines. Concerning the varietal influence on the 
alcohol content, statistically significant differences were noticed in three yeast × LAB 
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and Cabernet Sauvignon wines of 2012 vintage achieved higher alcohol content in 
comparison to Vranac variety. Particularly, the highest alcohol content (13.99 vol.%) was 
determined in Cabernet Sauvignon wine (ICVD21-ALPHA), and the lowest in Vranac wine 
(12.26 vol.%) in combination with BM4x4-VP41. Meanwhile, within the pH values, there 
were no significant differences among examined varietal wines. Results showed significant 
influence of applied commercial yeast and LAB on the content of free SO2, tartaric acid, total 
anthocyanins, and total polyphenols content in all varietal wines. Significant differences were 
also observed among varietal wines. The content of reducing sugars is a very important 
parameter, as D. bruxellensis use them as nutrients. In the 2012 vintage, a significant 
influence of applied commercial yeast and LAB on reducing sugar content was observed. The 
differences among varietal wines were statistically significant almost within all yeast × LAB 
combinations, except in two: BDX-VP41 and ICVD21-ALPHA. Also, almost in all the 
examined varietal wines, the content of reducing sugars was below 1.00 g/L, except in three 
wines of Vranac variety, and the highest content of this parameter, i.e. 1.15 g/L, was 
determined in BM4x4-VP41 wine. In the content of total acids and total dry extract, there 
were no statistically significant differences between the varietal wines, and among different 
commercial yeast and LAB as well. In this phase, after finished MLF, the contents of free and 
total SO2 were low and wine was still unprotected, and during the next racking, wines were 
sulphited to the level of at least 30-35 mg/L. However, after MLF, only in BDX-ALPHA 
wine, statistically significant differences in the content of total SO2 were not found among 
varietal wines, while for all other wines differences were present in dependence of both, 
commercial yeast × LAB and grape variety. The tartaric acid content was higher in the wines 
of Vranac variety (2.47-3.37 g/L) compared to the Kratošija and Cabernet Sauvignon wines 
in which these values were below 3.00 g/L. After MLF, the content of volatile acids arose 
from the point of finished AF in almost every wine by 0.10 – 0.30 g/L, and statistically 
significant differences in dependence of used different commercial yeast and LAB, and grape 
variety, was determined in all wines except in control wines, where all varietal wines had 
60 g/L of volatile acids. In addition, in the vintage of 2012, Vranac obtained lower content of 
volatile acids in this phase compared to Kratošija and Cabernet Sauvignon wines. There were 
no major changes in average content of total polyphenols from the finished AF to the end of 
MLF for examined wines. The highest content of total polyphenols on average was 
determined in Cabernet Sauvignon wines, and after MLF it was slightly higher than after AF, 
i.e. from 3.19 g/L after AF it rose to 3.31 g/L on average. Also, in Cabernet Sauvignon wines, 
after MLF the content of total polyphenols ranged between 2.69 g/L in control wine after 
spontaneous AF and MLF, to the 3.51 g/L in ICVD21-ALPHA wine. After MLF, Kratošija 
wines obtained on average the lowest content of total polyphenols (2.14 g/L) that has risen 
from the end of AF (1.75 g/L), as well as the lowest content of total anthocyanins 
(265 mg/L). On the contrary, this value decreased from an average value of 426 mg/L. In 
wines of Vranac variety, the average content of both parameters: total anthocyanins and total 
polyphenols decreased after MLF. Higher decrease was evident in the content of total 
anthocyanins from an average of 942 mg/L to as low as 752 mg/L, while the content of total 
polyphenols decreased from 2.71 g/L to 2.46 g/L. It was also noticed that the lowest content 
of total anthocyanins after MLF in all three varietal wines was determined in control wines, 
after spontaneous AF and MLF.  
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4.1.6 Precursors content after MLF 
The contents of p-coumaric and ferulic acids were also determined after MLF, and their 
obtained concentrations in all varietal wines of 2012 vintage with inoculated AF are given in 
Figures 20-22. Vranac wines had significantly higher content of p-coumaric acid, compared 
to Kratošija and Cabernet Sauvignon, and contents varied from 1.40 mg/L (BDX-VP41) to 
4.04 mg/L (BDX-CTRL) (Figure 20). In Kratošija wines, p-coumaric acid content varied 
from 0.24 mg/L (ICVD21-ALPHA) to 0.92 mg/L (BDX-CTRL), and in Cabernet Sauvignon 
the lowest content was determined in BDX-ALPHA (0.20 mg/L) and the highest in BDX-
VP41 (0.46 mg/L).  
 
 
Figure 20: p-Coumaric (A) and ferulic acid (B) contents (mg/L) evaluated in Kratošija wines after MLF 
Slika 20: Določene vsebnosti p-kumarne (A) in ferulne kisline (B) (mg/L) v vinih kratošija po MLF 
 
Figure 21: p-Coumaric (A) and ferulic acid (B) contents (mg/L) evaluated in Vranac wines after MLF 
Slika 21: Določene vsebnosti p-kumarne (A) in ferulne kisline (B) (mg/L) v vinih vranac po MLF 
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Figure 22: p-Coumaric (A) and ferulic acid (B) contents (mg/L) evaluated in Cabernet Sauvignon wines after 
MLF 
Slika 22: Določene vsebnosti p-kumarne (A) in ferulne kisline (B) (mg/L) v vinih cabernet sauvignon po MLF 
After MLF, the highest content of ferulic acid was determined in Kratošija wine, i.e. in 
BM4x4-ALPHA (0.26 mg/L). In Kratošija BDX-VP41 and in Cabernet Sauvignon BM4x4-
CTRL wine, ferulic acid was undetectable after MLF. Ferulic acid content decreased in BDX 
wines of Vranac and Kratošija. Like in Kratošija and Vranac, in Cabernet Sauvignon this 
content decreased also in four wines; two wines with BDX yeast (ALPHA and CTRL), and in 
BM4x4-CTRL and ICVD21-VP41. However, the average content of this acid was similar in 
all varietal wines and varied from 0.102 mg/L in Cabernet Sauvignon to 0.151 mg/L in 
Kratošija.  
After MLF, caffeic acid remained the predominant free HCA. The highest concentration of 
caffeic acid was determined in Cabernet Sauvignon BM4x4-VP41 wine (12.37 mg/L). 
Cabernet Sauvignon wines also showed the lowest variability after MLF, whether 
spontaneous or induced with commercial LAB. The lowest content of ferulic acid 
(4.12 mg/L) was determined in Vranac ICVD21-ALPHA wine. In Cabernet Sauvignon wines, 
the ratio of caffeic acid content before and after MLF in all wines was above 1.00, meaning 
that the content of caffeic acid increased in all wines of this variety. The highest content of 
ferulic acid was determined in Cabernet Sauvignon wine - ICVD21-CTRL (12.42 mg/L).  
In regard to the individual phenolic compounds determined in wines, as it was expected, after 
MLF, LDA analysis was spread for 19 compounds and F1 + F2 = 91% (Figure 23). 
Depending on the lactic acid bacteria (alpha and VP41), only one group of samples were 
separated, wines inoculated with BM4x4 yeasts, while the other control was very close to the 
other BDX and ICVD21. 
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Figure 23: LDA grouping of wines based on the different commercial yeast-LAB and on the 19 significant 
components from 21 analysed compounds in wines from vintage 2012. LDA factor 1 and LDA factor 2 together 
comprise 91% of total variability 
Slika 23: LDA-združevanje vin na podlagi različnih komercialnih kvasovk-LAB in na podlagi 19 pomembnih 
spojin od 21-tih analiziranih spojin v vinih letnika 2012. Faktor 1 in faktor 2 skupaj predstavljata 91 % celotne 
variabilnosti 
 
The abbreviations in Figure 23 represent: CTRL control, BDXCTRL BDX yeast and LAB 
control, BDXVP41 BDX yeast and VP41 LAB, BDXalpha BDX yeast and ALPHA LAB, 
BM4x4CTRL BM4x4 yeast and LAB control, BM4x4VP41 BM4x4 yeast and VP41 LAB, 
BM4x4alpha BM4x4 yeast and ALPHA LAB, ICVD21CTRL ICVD21 yeast and LAB 
control, ICVD21VP41 ICVD21 yeast and VP41 LAB, ICVD21alpha ICVD21 yeast and 
ALPHA LAB, Rut rutin, Van vanillin, Kpf kaempferol, Lut luteolin, Nart naringenin, Api 
apigenin, DB12 1,2-dihydroxybenzene, THB246 2,4,6-trihydroxybenzaldehyde, DHBA34 
3,4-dihydroxybenzoic acid, HCA2 2-hydroxycinnamic acid, pCouA p-coumaric acid, VanA 
vanillic acid, GalA gallic acid, CafA caffeic acid, FerA ferulic acid, SyrA syringic acid, CGA 
chlorogenic acid, tres trans-resveratrol, tpic trans-piceid. 
4.1.7 Basic chemical parameters after four years aging in bottle 
Basic chemical parameters in wines from the vintage 2012, after four years aging in bottle are 
presented in Annex G. In the 2012 vintage, after four years aging in bottle there were no 
statistically significant influences of addition of different commercial yeast and LAB, as well 
as of the type of oak, on the alcohol content, pH values, and the content of total dry extract 
for all examined varietal wines. After AF and MLF, Vranac wines also had the lowest 
average alcohol content (12.43 vol.%), while the wines of other autochthonous grape variety 
Kratošija and international one, Cabernet Sauvignon, obtained much higher average levels of 
alcohol (13.79 vol.% and 13.78 vol.%, respectively). After aging, the influence of addition of 
commercial yeast and LAB was statistically significant on the content of reducing sugars for 
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wines of all three varieties, while the addition of different type of oak was not statistically 
significant for any of the wines. However, an average content of reducing sugars was also the 
lowest within the wines of Vranac variety (1.87 g/L), and the highest in the wines of Cabernet 
Sauvignon (2.46 g/L). It is interesting that after aging the content of reducing sugars in wines 
of all three examined varieties, was the lowest in control wines, i.e. without addition of 
commercial yeast and LAB. Particularly, the lowest content was determined in Kratošija 
control wine (1.34 g/L), followed by Vranac (1.53 g/L) and Cabernet Sauvignon (1.82 g/L). 
Similar situation was noticed in regard to the content of total dry extract. The highest content 
of total dry extract on average was determined in Cabernet Sauvignon wines (27.13 g/L), 
followed by Kratošija (25.90 g/L) and Vranac (24.86 g/L). Besides, in wines of all three 
examined varieties, the lowest content was determined in control wines, and wines inoculated 
with BDX yeast obtained higher content of total dry extract, in comparison with BM4x4 and 
ICVD21. The content of total and free SO2 in all wines was below the values needed for wine 
preservation, confirming that it is not easy to keep the SO2 stable long-term. For this 
parameter, the influence of addition of commercial yeast and LAB was statistically 
significant for wines of all three varieties, while the addition of different type of oak was not 
statistically significant for any of the wines. However, the effect of SO2 was noted in relation 
to the pH values that were quite low in all examined wines (<3.50). The levels of volatile 
acidity, as an indicator of spoiled wine, were also low, i.e. below the level that indicates the 
activity of undesired microorganisms.  
As it was expected, a higher level of anthocyanins (468 mg/L on average) was determined in 
Vranac wines, being a varietal characteristic of this variety (Pajović et al., 2014). Meanwhile, 
the lowest content of anthocyanins was determined in Kratošija (159 mg/L), followed by 
Cabernet Sauvignon (289 mg/L). Statistically significant differences in anthocyanin content 
were observed between different commercial yeasts and LAB for all varietal wines, and the 
same situation was noticed for the total polyphenols content. The highest content of total 
anthocyanins in Vranac and Cabernet Sauvignon was determined in control wines, while in 
Kratošija the highest content was determined in ICVD21-CTRL wine with addition of oak in 
block shapes. For the majority of Vranac wines, no statistical differences in anthocyanin 
contents were observed for the oak addition, with the exception of BDX-CTRL and ICVD21-
ALPHA wines, while for the majority of Kratošija and Cabernet Sauvignon wines significant 
differences were noticed, when different type of oak was added. Regarding the total 
polyphenols content, it was noticed that in the majority of all varietal wines no statistically 
significant differences were observed between the wines with addition of different type of 
oak. However, as it was expected, the highest content of total polyphenols on average was 
obtained in Cabernet Sauvignon wines (3.47 g/L), followed by Vranac (2.06 g/L) and 
Kratošija (1.77 g/L). Besides, in Vranac and Kratošija the lowest content of these compounds 
was determined in control wine. In wines of all three examined grape varieties, wines 
inoculated with ICVD21 and BDX commercial yeast had on average similar levels, in 
Kratošija exactly the same (1.64 g/L). Higher contents of total polyphenols in Vranac and 
Kratošija were determined in BM4x4 wines, compared to other two yeasts, but on the 
contrary, in Cabernet Sauvignon the content of these compounds was lower in BM4x4 wines. 
Wines of Vranac grape variety obtained higher content of tartaric acids on average (1.69 g/L) 
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in comparison to Kratošija and Cabernet Sauvignon, in which 1.14 g/L and 1.13 g/L of 
tartaric acid was determined, respectively. The influence of commercial yeast and LAB was 
statistically significant for all varietal wines for the content of tartaric acid. In Kratošija 
wines, significant differences were not observed in regard to oak addition, whilst in Cabernet 
Sauvignon this observation was made for BDX-CTRL and ICVD21-CTRL wines, and in 
Vranac BM4x4-ALPHA and BM4x4-CTRL wines. The level of total acidity on average was 
very similar in Vranac and Kratošija wines (5.43 and 5.40 g/L, respectively), while in 
Cabernet Sauvignon there was a slightly higher level of total acidity (5.97 g/L on average). 
The addition of commercial yeast and LAB was statistically significant only in Vranac and 
Cabernet Sauvignon wines when oak was not added. Also, the addition of different type of 
oak was statistically significant only in one wine, Vranac BM4x4-CTRL wine.  
4.1.8 Sensory analysis of wine after three months of aging 
Sensorial quality of wines from the vintage 2012 after three months aging is presented in 
Annex I. Addition of commercial yeast and LAB had statistically significant influences on 
sensorial properties of all Cabernet Sauvignon wines, and on those Kratošija wines which had 
added oak in stave size, and ones without addition of oak. In Vranac wines, there was no 
influence of commercial yeast and LAB on sensorial properties, while oak addition had 
statistically significant influence on BM4x4-CTRL wine. Majority of Kratošija wines were 
not statistically significantly influenced by the addition of oak, with the exception of three 
wines (BM4x4-VP41, ICVD21-ALPHA and ICVD21-VP41). On the contrary, only two 
Cabernet Sauvignon wines − ICVD21-ALPHA and ICVD21-VP41 were not affected by 
addition of oak. Within the wines of Cabernet Sauvignon, addition of oak in the shape of 
chips gave the wines a better evaluation, with significantly higher scores. In Vranac wines, 
addition of chips also gave wines with higher scores, while in Kratošija wines, addition of 
oak did not improve the sensorial properties of wine so much. However, after aging, Vranac 
wines on average obtained highest number of points, from 72.33 (Control wine) to 84.00 
(BDX-ALPHA-CHIPS), followed by Cabernet Sauvignon, whose points varied from 64.00 
(BM4x4-ALPHA-CTRL) to 87.33 (BDX-VP41-CHIPS). Kratošija wines obtained on 
average the lowest score, which varied from 68.00 (BM4x4-VP41-CTRL) to 85.67 (ICVD21-
VP41-CTRL).  
4.1.9 Volatile phenols 
There were no VP detected in grape must or wine after AF, MLF, and after 3 months of aging 
with addition of oak alternatives. Contrary to our results, Chandra et al. (2015), observed the 
concentrations of VP between 80 and 120 μg/L in all wines at the end of AF. In this research, 
after 4 years of bottle aging, 4-EP and 4-EG were determined and results are shown in Figure 
24. In varietal wines from the 2012 vintage, Vranac wines had the highest number of samples 
with detected VP (12 samples). Meanwhile, within Kratošija and Cabernet Sauvignon wines, 
only two samples contained VP, but these values were below the detection thresholds for VP 
reported by Csikor et al. (2018). The average content of 4-EP determined in these two 
Kratošija wines was 0.007 mg/L, and for two Cabernet Sauvignon wines, the average value 
was 0.098 mg/L, considering these wines as wines without "Brett character". Csikor et al. 
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(2018) reported that for the 4-EP, threshold concentration was from the 245 mg/L to 
968 mg/L, considering that wines with concentrations above 968 mg/L can be categorized as 
having "Brett character". Besides, the perception of the "Brett character" can also be 
influenced by the 4-EP/4-EG ratio (Petrozziello et al., 2014), and based on their results, the 
higher this ratio is, the less apparent the "Brett character" is. The highest concentration of VP 
was expected in Vranac wines, since they contained the highest concentrations of p-coumaric 
acid after AF and MLF, resulting in higher concentrations of 4-EP. Regarding the ferulic 
acid, Vranac obtained the lowest content of this acid, not even detected after AF in wine 
inoculated with ICD21 commercial yeast. However, the average content of ferulic acid in 
wines with detected VP after AF was 0.065 g/L and increased to 0.108 g/L after MLF. In 
wines with detected VP, the content of p-coumaric acid increased on average, from the end of 
AF (1.501 mg/L) to the end of MLF (1.941 mg/L). Besides, Chandra et al. (2015), noticed 
that there are not so many differences in growth of D. bruxellensis during the AF and MLF, 
but a rapid rise of 4-EP was observed after MLF, indicating the important role of MLF in the 
production of 4-EP. In order to obtain better explanation of VP formation in examined wines, 
we determined wine composition parameters such as pH, alcohol content, free and total SO2, 
total dry extract, tartaric acid content, volatile acids, total acids, total content of anthocyanins 
and polyphenols, and reducing sugars. The concentrations of these parameters, storage 
temperature, type of vat etc. were also found to be important and can influence the 
metabolism of D. bruxellensis and therefore the VP formation as well (Silva et al., 2011; Dias 
et al., 2003; Rodrigues et al., 2001; Gerbaux et al., 2000; Kosel et al., 2014; Godoy et al., 
2008). Besides the higher content of p-coumaric acid, Vranac wines also achieved the lowest 
alcohol content, particularly, wines with detected VP on average had 12.26 vol.%, compared 
to Kratošija and Cabernet Sauvignon, which had significantly higher alcohol contents (> 
13.40 vol.%) in all examined varietal wines. Based on the achieved results, it can also be 
concluded that VP can be formed even in wines with low pH (3.30–3.50) and low reducing 
sugars (< 2 g/L). Even with these parameters, the content of free and total SO2 should be 
higher in order to prevent VP formation. In Vranac wines with VP, the content of free and 
total SO2 on average was 12.70 and 33.71 mg/L, respectively, which is not sufficient for 
microbial wine stabilization, and confirms the fact that it is not easy to keep SO2 high for 
long-term periods during wine bottle aging. Recently, Csikor et al. (2018) also observed that 
wines with "Brett character" showed lower free and total SO2 concentrations, demonstrating 
the importance of sulphiting as a tool against spoilage by D. bruxellensis. Considering the 
influence of addition of commercial yeast and LAB, it was observed that six samples with 
detected VP were inoculated with BDX commercial yeast, four with ICVD21, one with 
BM4x4 and that VP were also determined in control wine with spontaneous AF and MLF. 
However, the highest VP contents within Vranac wines were determined in ICVD21-CTRL-
CTRL wine, i.e. 1.923 mg/L of 4-EP and 0.325 mg/L of 4-EG. Also, these four ICVD21 
wines showed higher levels of obtained VPs, particularly more than 1.074 mg/L of 4-EP 
(with spontaneous MLF and addition of oak chips) and more than 0.211 mg/L of 4-EG 
(inoculated with ALPHA LAB and without oak addition). Even if BDX wines contained a 
slightly higher content of p-coumaric acid compared to ICVD21 wines, after bottle aging 
BDX wines obtained lower VP content. Also, it can be concluded that addition of oak 
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alternatives did not influence at all the VP formation in examined wines, because they 
appeared whether they were added or not. The 4-EP/4-EG ratio in the 2012 vintage varied 
from 3.08 to 9.48. These findings corroborated the results of previous studies, where great 
variations in 4-EP/4-EG ratios were observed within the same grape variety (Lima et al., 
2018), as well as between different grape varieties (Pollnitz et al., 2000; Steensels et al., 
2015). In research from this study, VPs were not detected in Cabernet Sauvignon wines. The 
variations in 4-EP/4-EG ratios might be related to different concentrations of the VP 
precursors in the wines, as well as to metabolic variability of D. bruxellensis spp. strain 
(Lima et al., 2018). 
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Figure 24: Volatile phenols (VP) contents (mg/L) of examined wines from 2012 vintage, after four years of bottle aging 
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4.2 RESULTS OBTAINED IN THE 2013 VINTAGE 
4.2.1 Basic chemical parameters of grape must 
In Table 11, basic quality parameters of examined grape must of Vranac, Kratošija, and 
Cabernet Sauvignon varieties are presented, as well as the date of the harvest and obtained 
yield in the experimental plots in the 2013 vintage. Similar results to the 2012 vintage were 
obtained. As it was already mentioned, in the agro-ecological conditions of sub-region 
Podgorica, Cabernet Sauvignon ripens quite early i.e. at the end of August and also in the 
2013 vintage, its grapes were harvested first. In a study by Vukosavljević et al. (2015) 
Cabernet Sauvignon achieved full maturity in the period of 7th-10th October in the 2011 and 
2012 vintages in the region of Central Serbia. Besides, in their results, the yield of Cabernet 
Sauvignon was similar to results from this study, but lower sugar content and higher total 
acidity in comparison to Cabernet Sauvignon in the sub-region of Podgorica was evident. 
These data emphasize the importance of the terroir (climate and type of the soil). In this 
research, the yield of Cabernet Sauvignon was the lowest in 2013 vintage, with lowest pH. 
Kratošija and Vranac grapes were harvested later, first Kratošija and then Vranac. The 
highest yield was determined for Vranac grapes, with the highest pH, while the sugar content 
was the lowest and total acidity as well. Kratošija and Cabernet Sauvignon grapes achieved 
the same sugar content. Kratošija obtained the highest content of total acids, followed by 
Cabernet Sauvignon. 
Table 11: Harvest date, yield, and basic chemical parameters of grape must of examined grape varieties, vintage 
2013 
Preglednica 11: Datum trgatve, pridelek in osnovni kemijski parametri grozdnega mošta proučevanih sort 
grozdja, letnik 2013 
Grape variety Vranac Kratošija Cabernet Sauvignon 
Harvest date 26.09. 12.09. 26.08. 
Yield (kg/vine) 3.45 2.50 1.81 
Sugar content (%) 21.2 22.6 22.6 
Total acids (g/L) 4.63 6.23 5.71 
pH 3.70 3.59 3.54 
In Figures 25-27, the vines and bunches of examined grape varieties are presented. In order to 
better evaluate all possibilities for the occurrence of D. bruxellensis on the grape surface and 
therefore VP formation, we did a research of grape’s mechanical structure in both vintages. 
Using these data, it is possible to characterize the technological potential of grape varieties 
(Lung, 2013). The knowledge about the bunch structure is important for certain technological 
procedures in winemaking, for example, the ratio of berry and peduncle weight gives 
information not only about the quantity of expected juice, but also about some chemical 
parameters. In addition to already mentioned literature data, the results obtained in this 
research confirmed the morphological description of examined varieties given by 
Milosavljević (2012). In support of the fact that Kratošija and Vranac have very dense grape 
bunches, the average number of berries per bunch for Kratošija and Vranac for the 2012 and 
2013 vintages were 142.3 and 146.9, respectively. Meanwhile, for Cabernet Sauvignon the 
average number of berries per bunch was 69, for both vintages.   
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Figure 25: Vranac grapes (left) and bunch (right) 
Slika 25: Grozdje (levo) in grozd (desno) sorte ′Vranac′ 
 
Figure 26: Kratošija grapes (left) and bunch (right) 
Slika 26: Grozdje (levo) in grozd (desno) sorte ′Kratošija′ 
 
Figure 27: Cabernet Sauvignon grapes (left) and bunch (right) 
Slika 27: Grozdje (levo) in grozd (desno) sorte ′Cabernet Sauvignon′ 
4.2.2 Phenolic composition of grape must – 2013 vintage 
Characterization of certain phenolic compounds of grape must in the 2013 vintage revealed 
that there were significant differences in certain groups of phenolic compounds among the 
examined grape varieties (Figure 28). In Kratošija grape must, stilbenes presented the 
majority of examined phenolic compounds (81.08%), followed by free HCA (11.77%), while 
the shares of flavonols and HBA were similar (3.53 and 3.61%). The contents of other 
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phenolic compounds, such as catechol (1,2-dihydroxybenzene), 2,4,6-
trihydroxybenzaldehyde, and chlorogenic acid were not detected in Kratošija grape must. 
Grape must of Vranac contained mostly HBA (66.36%), followed by HCA (21.60%), 
stilbenes (10.68%), other phenolic compounds (0.71%), and flavonols (0.66%). In grape must 
of Cabernet Sauvignon, the shares of free HCA and HBA were also similar, and slightly 
higher share was evident in HBA content (36.04 %) in comparison to free HCA (35.25%). 
The share of stilbenes was 24.14%, followed by flavonols (2.89%) and by other phenolic 
compounds (1.68%). Among the examined grape varieties, Vranac obtained the highest 
content of HCA, HBA, stilbenes, and other phenolic compounds (1,2-dihydroxybenzene, 
2,4,6-trihydroxybenzaldehyde, and chlorogenic acid). Regarding the group of flavonol 
compounds, Cabernet Sauvignon obtained the highest content (0.074 mg/L), followed by 
Vranac (0.063 mg/L) and Kratošija (0.055 mg/L).  
 
Figure 28: Concentrations of different phenolic groups (mg/L) in grape must of various varieties (2013 vintage) 
Slika 28: Koncentracije različnih fenolnih skupin (mg/L) v grozdnem moštu različnih sort (letnik 2013) 
Contents of the VP precursors are presented in Figure 29, and in this study individual free 
HCA content varied from 0.002 mg/L of p-coumaric acid in Kratošija to 0.428 mg/L of 
caffeic acid in Vranac grape must, which is not in agreement with results obtained by Wedral 
et al. (2010) and Kheir et al. (2013). In comparison to Cabernet Sauvignon and Kratošija 
grape must, Vranac contained higher contents of all free HCA (p-coumaric, caffeic, and 
ferulic acids), while Kratošija grape variety had the lowest content of all three acids, 
confirming that the free HCA content depends on grape variety.  
  
Figure 29: Concentrations of VP precursors – HCA (mg/L) in grape must of various varieties (2013 vintage) 
































































Kratošija Vranac Cabernet Sauvignon
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4.2.3 Fermentation kinetics and basic chemical parameters in wine after AF 
In the 2013 vintage, AF of Vranac and Kratošija wines, which were inoculated with 
commercial yeast, lasted for 6 days, while in control wine fermentation lasted 8 days. In the 
must of Cabernet Sauvignon, the situation was similar, and AF of wines inoculated with 
commercial yeast was faster (9 days) compared to control wine (12 days). The kinetics of the 
AF process of all the examined grape varieties with different commercial yeast is presented in 
the Figures 30-32.  
 
Figure 30: The kinetics of alcoholic fermentation of Vranac grape variety – 2013 vintage 
Slika 30: Kinetika alkoholne fermentacije mošta vranac – letnik 2013 
 
Figure 31: The kinetics of alcoholic fermentation of Kratošija grape variety – 2013 vintage 
Slika 31: Kinetika alkoholne fermentacije mošta kratošija – letnik 2013 
 
Figure 32: The kinetics of alcoholic fermentation of Cabernet Sauvignon grape variety – 2013 vintage 
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Basic chemical parameters of wines after AF in the 2013 vintage are presented in Table 12. 
In accordance with 2012 vintage, there were no significant differences regarding the alcohol 
content and pH, in examined wines of 2013, among different used commercial starters and 
among grape varieties. Additionally, the same observations were noticed for the total dry 
extract content in 2013. The average alcohol content of Vranac wines in 2013 was 
13.89  vol.%, while in 2012 this value was 12.30 vol.%. In Cabernet Sauvignon and Kratošija 
wines, there were no significant differences in the alcohol content between years. The content 
of reducing sugars was significantly influenced by the addition of commercial yeast and 
differed among all varietal wines. Cabernet Sauvignon had the highest content of reducing 
sugars, particularly the wine with spontaneous AF, i.e. control wine (8.96 g/L). Inoculation 
with commercial yeast significantly influenced only the content of total acids of Cabernet 
Sauvignon. Total acidity content of Cabernet Sauvignon varied from 6.66 g/L in control wine 
to 7.90 g/L in BDX wine. The content of total dry extract was not statistically significantly 
influenced by addition of commercial yeast and there were no significant differences among 
varietal wines. Significant differences in wines depending on used commercial yeast and 
among varietal wines were additionally found for the following parameters: tartaric acid, 
volatile acids, free and total SO2, total polyphenols, and total anthocyanins. The same 
observations were noticed in wines of the vintage 2012. Within varietal wines inoculated with 
commercial yeast, Vranac wines contained significantly higher content of tartaric acid, 
followed by Cabernet Sauvignon and then Kratošija. In addition, among Vranac wines the 
highest content of tartaric acid was observed in wine inoculated with ICVD21 commercial 
yeast, and the lowest in control wine. The same observation was noticed among Cabernet 
Sauvignon wines. Oppositely, in Kratošija wines, the lowest content of tartaric acid was 
determined in wine inoculated with ICVD21, and the highest in BM4x4 wine. Concerning the 
content of volatile acidity, after AF the highest content was determined in all control varietal 
wines, particularly in Cabernet Sauvignon, followed by Vranac and Kratošija. Within 
inoculated wines, in all three varietal wines the highest content was observed in wines 
inoculated with BM4x4 commercial yeast, and the lowest in BDX wines. The content of total 
and free SO2 within inoculated wines was statistically significantly higher in all Vranac 
wines, compared to Cabernet Sauvignon and Kratošija. While on the contrary, in control 
wines the lowest content of these parameters were found in Vranac wines. The concentrations 
of total polyphenols and total anthocyanins were significantly lower in control wines in all 
three examined varieties. In both vintages, Cabernet Sauvignon wines inoculated with 
commercial yeast obtained the highest content of total polyphenols, i.e. 4.91 g/L in 2013 and 
3.92 g/L in 2012. Vranac also obtained significantly higher content of total polyphenols in 
2013 (3.72 g/L) compared to 2012 (3.02 g/L) in wines inoculated with commercial yeasts, 
while Kratošija inoculated wines had an average content of total polyphenols 2.14 g/L in 
2013 and 1.92 g/L in 2012. Similar results were obtained for the content of total 
anthocyanins. In both vintages, Vranac obtained the highest content of these compounds and 
significantly higher concentrations were obtained in all varietal wines inoculated with 
commercial yeasts in comparison to control wines with spontaneous AF. An average content 
of anthocyanins in Vranac wines inoculated with commercial yeasts in 2013 was 1216 mg/L, 
while in 2012 average total anthocyanins content was 967 mg/L, while Cabernet Sauvignon 
achieved 709 mg/L of average total anthocyanins in 2013 and 564 mg/L in 2012. In 2012 and 
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2013, Kratošija contained the lowest values of total anthocyanins among various wines. 
However, in both years (465 mg/L in 2012 and 539 mg/L in 2013) higher average values of 
total anthocyanins were achieved in wines inoculated with yeasts, compared to control (310 
and 330 mg/L). 
Table 12: Basic chemical parameters of wine after AF, 2013 vintage 
Preglednica 12: Osnovni kemijskih parametri vina po AF, letnik 2013 
Grape variety Parameter YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac Alcohol 
(vol.%) 
13.85 14.10 14.04 13.55 0.69 0.7695 
Kratošija 12.87 13.11 13.17 13.00 0.65 0.9439 
Cabernet Sauvignon 13.26 13.53 13.54 12.87 0.67 0.5932 
 SE 0.67 0.68 0.68 0.66 
   PGV 0.2697 0.2765 0.3545 0.4534 
  Vranac 
pH 
3.43 3.42 3.42 3.48 0.17 0.967 
Kratošija 3.58 3.61 3.58 3.52 0.18 0.9371 
Cabernet Sauvignon 3.52 3.52 3.51 3.78 0.18 0.2597 
 SE 0.18 0.18 0.18 0.18 
   PGV 0.6009 0.4636 0.565 0.1656 
  Vranac Reducing 
sugars (g/L) 
2.69bC 3.27bB 3.27bB 3.45aA 0.36 <.0001 
Kratošija 3.30bB 4.80aA 3.56bBA 2.85cC 0.18 <.0001 
Cabernet Sauvignon 5.08bA 4.88bA 3.75cA 8.96aB  0.30 <.0001 
 SE 0.19 0.22 0.18 0.47 
   PGV <.0001 0.0002 0.0422 <.0001 
  Vranac Total acids 
(g/L) 
7.43 7.78 7.56 7.18 0.37 0.3267 
Kratošija 7.21 7.01 7.38 7.47 0.36 0.4682 
Cabernet Sauvignon 7.90a 7.35ba 7.61a 6.66b 0.37 0.0178 
 SE 0.38 0.37 0.38 0.36 
   PGV 0.1507 0.1093 0.744 0.0788 
  Vranac Tartaric acid 
(g/L) 
3.67bA 3.79bA 4.15aA 2.04cC 0.18 <.0001 
Kratošija 2.78aB 2.91aB 2.12bC 2.36bB 0.13 0.0002 
Cabernet Sauvignon 3.49aA 3.09bB 3.74aB 2.90bA  0.17 0.001 
 SE 0.17 0.16 0.17 0.12 
   PGV 0.0014 0.0014 <.0001 0.0004 
  Vranac Volatile acids 
(g/L) 
0.25dA 0.45bA 0.30cB 0.60aB 0.02 <.0001 
Kratošija 0.20cB 0.40bB 0.40bA 0.50aC 0.02 <.0001 
Cabernet Sauvignon 0.25cA 0.40bB 0.30cB 0.95aA  0.03 <.0001 
 SE 0.01 0.02 0.02 0.04 
   PGV 0.0028 0.0404 0.0005 <.0001 
  Vranac Total dry 
extract (g/L) 
37.50 38.50 38.30 37.20 1.89 0.8072 
Kratošija 36.50 39.30 36.70 35.00 1.85 0.1079 
Cabernet Sauvignon 39.30 37.50 37.00 37.50  1.89 0.5013 
 SE 1.89 1.92 1.87 1.83 
   PGV 0.2613 0.5505 0.568 0.265 
  Vranac Free SO2 
(mg/L) 
12.80bA 14.08aA 14.08aA 7.68cC 0.62 <.0001 
Kratošija 8.96bC 8.96bC 8.96bC 12.80aA 0.50 <.0001 
Cabernet Sauvignon 11.52bB 12.80aB 12.80aB 11.52bB  0.61 0.0412 
 SE 0.56 0.61 0.61 0.54 
   PGV 0.0004 0.0001 0.0001 <.0001 
  Vranac Total SO2 
(mg/L) 
53.76cA 96.00aA 80.64bA 17.92dC 3.44 <.0001 
Kratošija 35.84cB 49.92aB 44.80bB 24.32dB 2.00 <.0001 
Cabernet Sauvignon 38.40bB 42.24aC 39.68baB 32.00cA  1.91 0.0011 
 SE 2.17 3.35 2.90 1.27 
   PGV 0.0001 <.0001 <.0001 <.0001 
  “to be continued” 
“se nadaljuje”  
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Continued Table 12: Basic chemical parameters of wine after AF, 2013 vintage 
Nadaljevanje Preglednice 12: Osnovni kemijskih parametri vina po AF, letnik 2013 




3.75aB 3.73aA 3.67aB 2.20bA 0.17 <.0001 
Kratošija 2.06aC 2.14aC 1.87bC 1.28cB 0.09 <.0001 
Cabernet Sauvignon 4.17bA 3.17cB 4.91aA 2.15dA  0.19 <.0001 
 SE 0.17 0.15 0.19 0.10 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac Total 
anthocyanins 
(mg/L) 
1229aA 1158aA 1260aA 729bA 56 <.0001 
Kratošija 516bC 577aC 523bC 330cC 25 <.0001 
Cabernet Sauvignon 663bB 738aB 726aB 500cB  33 <.0001 
 SE 43 43 45 27 
   PGV <.0001 <.0001 <.0001 <.0001 
  SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean values with a different 
letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences between the grape varieties); mean values with a 
different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences between the used commercial yeast) 
4.2.4 Presence of Dekkera bruxellensis in grape must and wine after AF 
The results of analysing the D. bruxellensis occurrence in grape must and wine after AF are 
presented in the Table 13. D. bruxellensis sp. were not detected in any of the samples from 
both vinates, 2012 and 2013, except in sample of Vranac wine produced with spontaneous 
AF. The change of the colour of D. bruxellensis selective media turned from green to yellow 
indicating the presence of D. bruxellensis yeasts in Vranac wine as presented in Figure 33. 
Table 13: Present microorganisms in grape must and wine after AF – 2013 vintage 
Preglednica 13: Prisotni mikroorganizmi v grozdnem moštu in vinu po AF – letnik 2013 
Grape variety Sample DBDM Identified microorganism 
Vranac Grape must Green 
Bacteria, Gram negative, catalase positive, short 
rods 
Kratošija Grape must Green 
Bacteria, Gram negative, catalase positive, short 
rods Hanseniaspora sp. 
Cabernet 
Sauvignon 
Grape must Green Hanseniaspora sp., Geotrichum sp. 
Vranac CTRL Wine after spontaneous 
AF  




Figure 33: Yellow colour of medium caused by Dekkera bruxellensis in comparison to green media indicating 
absence of Dekkera spp. 
Slika 33: Rumena barva gojišča, ki jo povzroča Dekkera bruxellensis v primerjavi z zeleno obarvanim gojiščem, 
ki kaže na odsotnost Dekkera spp. 
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The occurrence of Dekkera in grape must and wine were for the first time determined in 
grapes and wines from the Montenegrin terroir. Recently, Avramova et al. (2018) have shown 
that Dekkera isolates are highly represented worldwide, particularly in Italy, France, 
Portugal, Chile and Southern Argentina. Besides, they determined even 39 strains from 
different fermentation mediums and geographical locations. In contribution to this, further 
studies would include possible genetic identification of Dekkera from grape juices and 
fermentation niches from Montenegrin vineyards. 
4.2.5 Hydroxycinnamic acids in wine after AF 
After AF, the contents of free HCA; caffeic, p-coumaric, and ferulic acids were also 
determined in the 2013 vintage (Table 14). The highest concentrations of the above-
mentioned phenolic acids were detected in Kratošija wines, regardless of the commercial 
yeast used. The only wine sample with higher concentration of caffeic acid was the control 
sample of Vranac wine (4.85 mg/L).  
Table 14: The content of the VP precursors (mg/L) and the ratio of p-coumaric/ferulic acid in wines after AF, 
2013 vintage 




Commercial yeast SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
p-Coumaric acid  
0.63cB 1.19aB 0.61cB 1.07B 0.05 <.0001 
Kratošija 0.86cA 1.55aA 0.69dA 1.41A 0.06 <.0001 
Cabernet 
Sauvignon 0.43dC 1.09aB 0.63cBA 0.85C 0.04 <.0001 
 SE 0.03 0.06 0.03 0.06   
 PGV <.0001 0.0003 0.0588 <.0001   Vranac 
Ferulic acid 
0.18bB 0.47aC 0.21bC 0.44aC 0.02 <.0001 
Kratošija 0.47bA 1.01aA 0.52bA 0.95aA 0.04 <.0001 
Cabernet 
Sauvignon 0.18dB 0.59bB 0.26cB 0.70aB 0.02 <.0001 
 SE 0.02 0.04 0.02 0.04   
 
PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Caffeic acid  
1.10B 1.21B 1.25B 1.22C 0.06 0.0661 
Kratošija 2.44aA 2.08bA 1.84cA 1.75cB 0.10 0.0002 
Cabernet 
Sauvignon 1.21bB 1.18bB 1.16bB 4.85aA 0.13 <.0001 
 SE 0.08 0.08 0.07 0.15   
 
PGV <.0001 <.0001 <.0001 <.0001   Vranac Ratio of 
p-coumaric/ferulic 
acid 
3.43aA 2.53cA 2.96bA 2.42cA 0.07 <.0001 
Kratošija 1.82aC 1.53bC 1.31cC 1.48bB 0.14 0.0003 
Cabernet 
Sauvignon 2.36aB 1.87bB 2.37aB 1.22cC 0.08 <.0001 
 SE 0.13 0.10 0.12 0.09 0.13  
 PGV <.0001 <.0001 <.0001 <.0001   SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean 
values with a different letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences 
between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast) 
As in the 2012 vintage, the predominant phenolic acid was caffeic acid, with the highest 
concentrations found in Kratošija wines, with average value of 2.02 mg/L. The 
concentrations of ferulic acid were generally lower than of caffeic and p-coumaric acids. 
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Similar trend was also observed for Canadian, Greek and Hungarian wines, where caffeic 
acid was the predominant phenolic acid, while in Portugal wines p-coumaric acid was the 
predominant phenolic acid (Lima et al., 2018). Statistically significant differences in 
concentrations of phenolic acids were found within the grape varieties inoculated with BDX 
and BM4x4 yeasts as well as between control wines. An exception was observed in the case 
of AF carried out with commercial yeast ICV D21, where no significant differences among 
varieties were found in content of p-coumaric acid. Statistically significant differences in 
phenolic acids content were also observed between commercial yeast used, with the 
exception of caffeic acid in Vranac wines. Given that caffeic acid is not easily metabolised by 
D. bruxellensis spp. (Cabrita et al., 2012), and that concentrations of ferulic acid in wines, are 
lower, the VP production will mostly arise from p-coumaric acid, resulting in higher 
concentrations of 4-EP. In varietal wines of 2013 vintage, the p-coumaric/ferulic acid ratios 
varied from 1.31 (ICVD21) to 1.82 (BDX) in Kratošija, from 1.22 (control) to 2.37 
(ICVD21) in Cabernet Sauvignon and from 2.42 (control) to 3.43 (BDX) in Vranac, 
confirming that this ratio depends on variety and technological practice applied. 
4.2.6 Comparison of HCA content in wines after AF, between the vintages 
Analysing the achieved results from both vintages, significant differences among wines from 
2012 and 2013 vintages were noticed. Individual free HCA content in control wines of 
examined varieties over two consecutive years are presented in Figure 34. In Vranac and 
Cabernet Sauvignon wines after spontaneous AF, higher free HCA contents were evident in 
the 2012 vintage, while in Kratošija wines significantly higher contents of free HCA were 
evident in 2013. Besides, in 2012, the highest precursors content, i.e. the sum of these three 
acids, was evident in Cabernet Sauvignon control wine (10.32 mg/L), followed by Vranac 
(10.13 mg/L), while Kratošija had significantly lower content of these acids (0.61 mg/L). 
Caffeic acid represented the prevalent free HCA compound within all varietal wines, with the 
exception of Kratošija in the 2012 vintage, in which ferulic acid (93.20%) was the main 
component. In the vintage of 2012, caffeic acid represented as much as 96.30% of HCA in 
Vranac and 80.68% in Cabernet Sauvignon control wine. Among the wines after spontaneous 
AF, in the 2013 vintage after AF, the highest content of total VP precursors was observed in 
Cabernet Sauvignon CTRL wine (6.40 mg/L), out of which caffeic acid presented 75.73%, p-
coumaric acid 13.33%, and ferulic acid 10.85%. Further, the 2013 Kratošija control wine 
achieved higher content of all three examined acids (4.12 mg/L) in comparison to Vranac 
control wine (2.73 mg/L). The main component in Kratošija and Vranac control wines in the 
2013 vintage was also caffeic acid (42.56% and 44.60%, respectively), followed by p-
coumaric acid (34.32 and 39.20%, respectively) and ferulic acid (23.12 and 16.20%, 
respectively).  
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  






Figure 34: The content of HCA (mg/L) in varietal control wines in 2012 and 2013 
Slika 34: Vsebnost HCA (mg/L) v sortnih kontrolnih vinih letnikov 2012 in 2013 
The average concentrations of precursors in wines of 2013 and 2013 vintages, inoculated 
with various commercial yeasts, are presented in Figure 35. The higher total content of the 
three examined free HCA was observed in all varietal wines inoculated with commercial 
yeast in 2012, in comparison to 2013, due to the high content of caffeic acid in the 2012 
vintage. The highest mean values of total precursors content on average was observed in 
Kratošija wines, 9.63 mg/L in 2012 and 3.82 mg/L in 2013. There were also significant 
differences among the total content of VP precursors between the 2012 and 2013 vintages 
that were observed for Vranac and Cabernet Sauvignon wines inoculated with commercial 
yeast. On average, Vranac obtained 8.52 mg/L of total precursors in 2012 and 2.28 mg/L in 
2013, while in Cabernet Sauvignon wines 9.03 mg/L and 2.24 mg/L was determined in 2012 
and 2013, respectively. Caffeic acid was the predominant compound in inoculated wines in 
both vintages, particularly in the 2012. In the 2012 vintage, caffeic acid represented 81.25% 
of all examined precursors in Vranac wines, while in Kratošija and Cabernet Sauvignon 
wines, it represented more than 95% (95.51 and 97.43%, respectively. In the 2013 vintage, 
caffeic acid was present in lower amounts compared to the concentrations determined in 
2012, but still represented the main precursor in varietal wines (> 50%) in all three examined 
wines. Vranac wines, inoculated with commercial yeast, contained the highest content of p-
coumaric acid in 2012 (1.54 mg/L), followed by Kratošija wines in the 2013 vintage (1.03 
mg/L). Regarding the ferulic acid, the highest average content was observed in Kratošija in 
2013 (0.67 mg/L), followed by Cabernet Sauvignon (0.34 mg/L) and Vranac wines (0.29 
mg/L) from the same year. In the 2012 vintage, the content of ferulic acid was also the 
highest in Kratošija (0.11 mg/L) and like in 2013, was followed by Cabernet Sauvignon and 
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Figure 35: The content of mean values of individual HCA (mg/L) in varietal wines inoculated with commercial 
yeast in 2012 and 2013 
Slika 35: Vsebnost povprečnih vrednosti posameznih HCA (mg/L) v sortnih vinih, ki so bila inokulirana s 
komercialnimi kvasovkami v letnikih 2012 in 2013 
Recently, Pajović-Šćepanović et al. (2018) reported the following concentrations in varietal 
wines (Vranac, Kratošija, and Cabernet Sauvignon), which in their research were relatively 
similar in all the analysed varietal wines. They determined a range for caffeic acid (1.8–
2.1 mg/L), for p-coumaric acid (0.8–1.1 mg/L), and for ferulic acid (0.7–1.0 mg/L), while in 
this research there were significant differences between the varietal wines. These 
concentrations varied for caffeic acid (1.20–9.20 mg/L), for p-coumaric acid (0.15–
1.54 mg/L), and for ferulic acid (0.06–0.67 mg/L).  
4.2.7 Polyphenolic composition of wine after AF 
Phenolic individual compounds were determined also in the wines from 2013 including 
flavonols (quercetin, myricetin, kaempferol, luteolin, apigenin), HBA (3,4-dihydroxybenzoic 
acid, vanillic acid, gallic acid), HCA (p-coumaric acid, caffeic acid, ferullic acid, syringic acid, 
2-hydroxycinnamic acid), rutin, phenolic aldehyde (vanillin), flavanon (naringerin), catechol 
(1,2-dihydroxybenzene), 2,4,6-trihydroxybenzaldehyde, ellagic acid, caffeic acid ester 
(chlorogenic acid), stilbene (trans-resveratrol) and stilbenes (cis-resveratrol, trans-piceid and 
cis-piceid) and two flavan-3-ols (catechin and epicatechin). In the 2013 vintage, the highest 
contents of sum of individual phenolic compounds were determined in Vranac, followed by 
Cabernet Sauvignon and Kratošija wines. On average, the wines inoculated with commercial 
yeast had lower content of total phenolic compounds compared to wines after spontaneous 
AF, with the exception of Kratošija wines, where no differences were observed regardless of 
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Figure 36: The sum of individual phenolic compounds (mg/L) of all three examined wines (2013 vintage) with 
spontaneous AF and AF inoculated with different yeast 
Slika 36: Vsota posameznih fenolnih spojin (mg/L) v vinih vseh treh proučevanih sort (trgatev 2013), pridelanih 
s spontano AF in AF, inokulirano z različnimi kvasovkami 
Determined individual phenolic compounds, shown in Figure 36, were: flavonols (quercetin, 
myricetin, kaempferol, luteolin, apigenin), HBA (3,4-dihydroxybenzoic acid, vanillic acid, 
gallic acid), HCA (p-coumaric acid, caffeic acid, ferullic acid, syringic acid, 2-
hydroxycinnamic acid), rutin, phenolic aldehyde (vanillin), flavanon (naringerin), catechol 
(1,2-dihydroxybenzene), 2,4,6-trihydroxybenzaldehyde, ellagic acid, caffeic acid ester 
(chlorogenic acid), stilbene (trans-resveratrol) and stilbenes (cis-resveratrol, trans-piceid and 
cis-piceid) and two flavan-3-ols (catechin and epicatechin). 
In the 2013 vintage wines, the sum of HBA represented the majority of all examined phenolic 
compounds in selected wines, with the exception of Cabernet Sauvignon wine, where HCA 
prevailed in the wine after spontaneous AF (Figure 37).  
 
Figure 37: Concentrations of different phenolic groups (mg/L) in examined wines with spontaneous (CTRL) and 
inoculated (comm. yeast) alcoholic fermentation (2013 vintage) 
Slika 37: Koncentracije različnih fenolnih skupin (mg/L) v preiskanih vinih spontane (CTRL) in inokuliranih 
(komercialna kvasovka) alkoholnih fermentacij (trgatev 2013) 
Besides, the contents of free HCA, HBA, flavonols, and other phenolic compounds, such as 
flavone apigenin and flavanone naringenin were also the subject of study by other authors. 
Pantelić et al. (2014) found no apigenin and naringenin in Vranac and Cabernet Sauvignon 






















































Kratošija CTRL Kratošija comm. yeast Vranac CTRL
Vranac comm. yeast Cabernet Sauvignon CTRL Cabernet Sauvignon comm. yeast
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finished AF in wines inoculated with commercial yeast, on average the highest content of 
naringenin was found in the Cabernet Sauvignon of 2013 vintage (0.086 mg/L), followed by 
Vranac (0.055 mg/L) and Kratošija wines (0.028 mg/L). 
After AF, LDA analysis of 10 phenolic compounds showed complete separation of the group 
regarding the used commercial yeast, i.e. (F1 + F2 = 100%) was achieved (Figure 38). 
Complete separation was achieved for 2-hydroxycinnamic acid, flavonols (quercetin, 
myricetin, kaempferol, luteolin, rutin), naringenin, apigenin, 2,4,6-trihydroxybenzaldehyde 
and vanillin.  
 
Figure 38: LDA grouping of wines based on different commercial yeast and on the 10 significant components 
from 21 analysed compounds. LDA factor 1 and LDA factor 2 together comprise 100% of total variability  
Slika 38: LDA-združevanje vin na podlagi različnih komercialnih kvasovk in na podlagi 10 pomembnih spojin 
od 21-tih analiziranih spojin. Faktor 1 in faktor 2 skupaj predstavljata 100 % celotne variabilnosti 
The abbreviations in Figure 38 mean: Rut Rutin, Van Vanilin, Quer Quercetin, Myrc 
Myrcetin, Kpf Kaempferol, Lut Luteolin, Nart Naringenin, Api Apigenin, THB246 2,4,6-
Trihydroxybenzaldehyde, HCA2 2-Hydroxycinnamic acid. 
4.2.8 Basic chemical parameters after MLF 
Basic chemical parameters determined in wines after finished MLF in the vintage of 2013 are 
presented in Annex F. Just like in the 2012 vintage, in the 2013 vintage wines it was noticed 
that there was no statistically significant influence of addition of commercial yeast and LAB 
on the content of alcohol, as well as on the pH values in examined wines. In the 2013 vintage, 
significant differences in the content of these two parameters among the varietal wines were 
not determined. Contrary to the 2012 vintage, Vranac wines in the 2013 vintage achieved 
significantly higher alcohol content. Besides, among varietal wines, the highest alcohol 
content on average was determined in Vranac (13.81 vol.%), followed by Cabernet 
Sauvignon (13.64 vol.%) and Kratošija wines (13.33 vol.%). Among all three varietal wines 
inoculated with commercial yeast, the highest alcohol content was achieved when BM4x4 
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was used. It turned out that there was a significant influence of applied commercial yeast and 
LAB on the content of reducing sugars, free and total SO2, tartaric acid, volatile acids, total 
anthocyanins, and total polyphenols content in all varietal wines. After MLF, the content of 
reducing sugars was the highest in wines of Cabernet Sauvignon, on average 3.02 g/L, 
followed by Vranac (1.97 g/L) and Kratošija (1.53 g/L). Higher content of reducing sugars, 
after MLF, was noticed in all examined wines from the 2013 vintage, compared to the wines 
from the 2012 vintage in which almost all reducing sugars content was below 1.00 g/L. This 
was particularly notable in Cabernet Sauvignon wines, in which the content of reducing 
sugars varied between 1.54 g/L in BM4x4-VP41 to 4.48 g/L in ICVD21-ALPHA wine, 
which also had the highest content among all the examined wines. The lowest content of 
reducing sugars (1.06 g/L) was determined in Kratošija wines (ICVD21-CTRL and ICVD21-
ALPHA). Higher content of tartaric, as well as of total acids, were determined in Vranac 
wines, on average 3.27 g/L and 6.47 g/L, respectively. Similar to the vintage of 2012, the 
content of tartaric acid was also lower in Kratošija and Cabernet Sauvignon wines, and an 
average of 1.93 and 2.50 g/L was determined in these wines, respectively. Besides, for the 
content of total acids, statistically significant differences were determined between all varietal 
wines, and addition of different commercial yeast and LAB was significant only for Cabernet 
Sauvignon wines. Regarding the content of volatile acids, higher content was determined in 
wines with spontaneous alcoholic and malolactic fermentation, i.e. in control wines. The 
highest content of volatile acids was determined in Cabernet Sauvignon control wine 
(1.35 g/L), followed by Kratošija (1.00 g/L) and Vranac (0.90 g/L). Statistically significant 
differences were not determined for the content of total dry extract depending on addition of 
different commercial yeast and LAB, and for the majority of wines in dependence of grape 
variety. Statistically significant differences depending on grape variety were determined in 
wines that were inoculated by BM4x4-CTRL, ICVD21-ALPHA and ICVD21-VP41. Higher 
content of total dry extract, on average, was determined in Vranac (33.95 g/L), followed by 
Cabernet Sauvignon (32.46 g/L) and Kratošija wines (30.65 g/L). Among Vranac and 
Cabernet Sauvignon wines, the lowest content of total dry extract was determined in control 
wines, with spontaneous alcoholic and malolactic fermentation. Meanwhile, in Kratošija 
wines the lowest content was determined in wines inoculated with ICVD21 yeast and with 
commercial LAB (ALPHA and VP41). Besides, commercial yeast BM4x4 gave wines with 
higher total dry extract content in Vranac and Kratošija wines, while in Cabernet Sauvignon, 
higher content of total dry extract was evident in BDX inoculated wines. Just like in the 2012 
vintage, the 2013 vintage content of free and total SO2 was low, and wine was still 
unprotected after MLF, before the following racking and sulphiting. For both − the content of 
total and free SO2, significant differences were determined for all varietal wines depending 
on addition of different commercial yeast and LAB, and on the grape variety as well. Vranac 
contained on average a higher content of free and total SO2 (21 and 39 mg/L, respectively), 
followed by Kratošija (15 and 33 mg/L, respectively) and Cabernet Sauvignon wines (12 and 
21 mg/L, respectively). Similar to the 2012 vintage, the highest average content of total 
polyphenols was determined in Cabernet Sauvignon (3.65 g/L), but still lower compared to 
the achieved content after AF (4.08 g/L). In wines of Vranac and Kratošija grape varieties, 
the average content of total polyphenols decreased after finished AF to the end of MLF 
process. However, higher average content of total polyphenols, like in the 2012 vintage, was 
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determined in Vranac (2.91 g/L), compared to Kratošija wines (1.72 g/L). Besides, within the 
Cabernet Sauvignon and Vranac wines, the lowest content of total polyphenols was 
determined in control wines, with spontaneous AF and MLF. Regarding the total 
anthocyanins content, similar observations were obtained in both vintages. A decrease of total 
anthocyanins content, on average, was noticed in all examined wines. Besides, the 2013 
vintage Vranac wines contained the highest content of total anthocyanins 942 mg/L, followed 
by Cabernet Sauvignon (522 mg/L) and Kratošija wines (265 mg/L). In wines of all three 
examined varieties, the lowest content of total anthocyanins was determined in wines with 
spontaneous AF and MLF, and the same observation was noticed for the wines from the 2012 
vintage.  
4.2.9 Basic chemical parameters after three years of bottle aging 
Basic chemical parameters determined in wine from the vintage 2013, after three years of 
bottle aging are presented in Annex H. As in the 2012 vintage, after aging there were no 
significant influences of addition of different commercial yeast and LAB, as well as the type 
of oak regarding the the alcohol content, pH values, and the content of total dry extract for all 
examined varietal wines. Alcohol content, on average, was the highest in Vranac 
(13.65 vol.%), followed by Cabernet Sauvignon (13.04 vol.%) and Kratošija wines 
(12.94 vol.%). In Cabernet Sauvignon and Vranac wines, the lowest content of alcohol (12.80 
and 12.94 vol.%, respectively) was determined in control wines, without addition of 
commercial yeast and LAB, as well as without oak addition. On the other hand, within 
Kratošija, the lowest alcohol content was determined in ICVD21-CTRIL-CHIPS wine. 
Similar observations were made for the content of reducing sugars for both examined 
vintages, i.e. the influence of addition of commercial yeast and LAB was statistically 
significant for wines of all three varieties, while the addition of different type of oak was not 
statistically significant for any of the wines. Particularly, for Vranac wines, statistically 
significant differences depending on oak addition were observed in all wines inoculated with 
BDX commercial yeast (with the addition of commercial LAB and with spontaneous MLF) 
and in wine inoculated by BM4x4 yeast and VP41 LAB. Within Kratošija, the oak addition 
did not have influence on any of the wines, and in Cabernet Sauvignon, the only statistically 
significant influence by oak addition was noticed in wine inoculated with BDX yeast and 
VP41 LAB. However, an average content of reducing sugars was also, like in the 2012 
vintage, the lowest within the wines of Vranac variety (2.23 g/L), and the highest in the wines 
of Cabernet Sauvignon (2.71 g/L). After aging, the lowest content of reducing sugars was 
determined in Vranac control wine (1.34 g/L), and within Kratošija wines, the lowest content 
was also found in control wine (2.30 g/L). Contrary to the 2012 vintage, the highest content 
of total dry extract was on average in Vranac wines (30.99 g/L), followed by Cabernet 
Sauvignon (30.28 g/L) and Kratošija (27.73 g/L). The content of total and free SO2 in all 
wines, as in the 2012 vintage, was below the values needed for wine preservation, confirming 
that it is not easy to keep the SO2 stable long-term. For this parameter, the influence of 
addition of commercial yeast and LAB was statistically significant for wines of all three 
varieties, while the addition of different type of oak was not statistically significant for any 
wine. As it was mentioned, the effect of SO2 is in relation to the pH values, and pH values 
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were different in comparison to the values achieved in wines from the 2012 vintage. Only in 
Vranac wines, pH values were below 3.50, and the highest content of pH was determined in 
Cabernet Sauvignon (3.68), followed by Kratošija wines (3.62). In the 2013 vintage, the 
contents of volatile acids were much higher than in the wines from 2012. Particularly, 
Cabernet Sauvignon wines had the highest contents of volatile acids, ranging from 0.75 g/L 
in BDX-CTRL-STAVES wine to 2.15 g/L in ICVD21-CTRL-CHIPS wine. Among Kratošija 
wines, higher contents of volatile acids were also determined, varying from 0.65 g/L in BDX-
ALPHA-CTRL wine to 1.70 g/L in ICVD21-ALPHA-CTRL wine. Finally, Vranac had the 
lowest content of volatile acids, varying from 0.50 g/L in BDX-CTRL-CHIPS wine to 
1.70 g/L in control wine. Vranac obtained only two wine samples with the volatile acids 
content above 1.00 g/L. On the contrary, Cabernet Sauvignon wines had only one sample 
with volatile acids content below 1.00 g/L. Within the Kratošija wines, concentrations of 
volatile acids above 1.00 g/L were determined in more than 50% of examined samples with 
addition of different commercial yeast, LAB, oak, as well as in the control wine. 
Like in the wines from 2012 vintage, in the 2013 vintage, Vranac confirmed its characteristic 
of possessing high levels of anthocyanins (690 mg/L on average). The lowest average content 
of anthocyanins was determined in Kratošija wines (206 mg/L), and Cabernet Sauvignon had 
an average of 254 mg/L. Statistically significant differences, depending on addition of 
different commercial yeast and LAB were determined in all Kratošija and Cabernet 
Sauvignon wines. Among Vranac wines, these differences were noticed only for wines with 
addition of oak in the shape of chips. Regarding the influence of oak addition, in majority of 
Cabernet Sauvignon and Kratošija wines, significant differences were not found, while in 
Vranac this was the case only in BM4x4-ALPHA and BM4x4-CTRL. Similar to 2012, in the 
2013 vintage, Cabernet Sauvignon wines had the highest content of polyphenols, on average 
2.60 g/L, and in the 2013, Vranac wines had slightly lower content of total polyphenols, on 
average 2.60 g/L. As it was expected, Kratošija wines had the lowest content of total 
polyphenols, on average 1.74 g/L. Besides, for all varietal wines, addition of commercial 
yeast and LAB did have a statistically significant influence (p< 0.05). Addition of oak did not 
influence the majority (88.90%) of Cabernet Sauvignon and 55.50% of Kratošija wines, 
while in Vranac wines, oak addition did not statistically significantly influence 33.30% of 
examined wines.  
4.2.10 Sensory analysis of wine after aging 
Sensorial quality of wines from the vintage of 2013 after three months aging is presented in 
Annex J. Addition of commercial yeast and LAB had a statistically significant influence on 
sensorial properties of all Cabernet Sauvignon and Kratošija wines. Among the Vranac 
wines, significant influences on sensorial properties were noticed for wines with addition of 
staves and without addition of oak. Contrary to the 2012 vintage, addition of oak significantly 
influenced almost all Vranac wines, except the one inoculated with BM4x4 commercial yeast 
× VP41 commercial LAB. Among Kratošija wines, oak addition significantly influenced 
55.55% of wines, while all Cabernet Sauvignon wines were significantly influenced by oak 
addition. However, similar to 2012, the 2013 vintage Vranac wines were better evaluated as 
regards total sensory points, which varied from 71.70 in control wine to 84.00 in BM4x4-
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ALPHA-CHIPS wine. Point scores of Cabernet Sauvignon wines varied from 64.70 (BM4x4-
ALPHA-CTRL and BM4x4-VP41-STAVES) to 84.30 (BDX-VP41-CHIPS). Kratošija wines 
of 2013 vintage were similar to 2012, and were evaluated with the lowest number of points, 
from 66.70 (BM4x4-VP41-CTRL) to 82.30 (ICVD21-CTRL-CTRL).  
4.2.11 Volatile phenols after AF, MLF, and aging 
After 3 years of bottle aging, 4-EP and 4-EG were detected and these results are shown in 
Table 15 and Figure 39. Additionally, 4-EP/4-EG ratios are presented in Table 16. In varietal 
wines of 2013 vintage, Kratošija had the highest number of wines detected with VP (18 
samples). In Vranac, only four samples contained VP, while no VP were detected in the 
analysed Cabernet Sauvignon wines. Statistically significant differences in VP content were 
observed between wine samples with added commercial yeast and LAB, as well as between 
wines where different oak alternatives were used. Highest concentrations of VP were 
expected in Kratošija wines, since they contained highest concentrations of phenolic acids, 
especially p-coumaric acid, resulting in higher concentrations of 4-EP compared to 4-EG. In 
Kratošija wines with detected VP, significantly higher contents of 4-EP (1.51 and 1.56 mg/L) 
were observed in BDX-CTRL-CTRL and in BDX-CTRL-CHIPS wines, respectively, while 
in other Kratošija wines, 4-EP contents varied from 0.01 to 0.89 mg/L. Significantly higher 
content of 4-EG in Kratošija wines was observed in all samples where AF was carried out 
with BM4x4 yeast, without LAB addition, regardless of the addition of oak alternatives. 
Statistically significant differences were also observed in 4-EP/4-EG ratios between wine 
samples with added commercial yeast and LAB, as well as between wines where different 
oak alternatives were used. The ratio of 4-EP/4-EG (Table 17) showed significant differences 
among wines, from 2.27 to 7.27 in Kratošija wines and from 4.97 to 7.69 in Vranac wines. 
These findings corroborated the results of previous studies, where great variations in 4-EP/4-
EG ratios were observed within the same grape variety (Lima et al., 2018), as well as 
between different grape varieties (Pollnitz et al., 2000; Steensels et al., 2015). Pollnitz et al. 
(2000) analysed 61 bottles of different commercially available varietal Australian red wines 
and found out that an average 4-EP/4-EG ratio was approximately 10:1 for Cabernet 
Sauvignon, 9:1 for Shiraz, 8:1 for Merlot and 3.5:1 for Pinot Noir. This is not the case with 
our studies, where VPs were not detected in Cabernet Sauvignon wines. The variations of 4-
EP/4-EG ratios might be related to different concentrations of VP precursors in wines, as well 
as to metabolic variability of D. bruxellensis spp. strain (Lima et al., 2018). Potential sources 
of VP, whose concentration is also dependent on the degree of toasting, are oak and oak 
alternatives used in wine production (Rayne and Eggers, 2007). In this study, statistically 
significant influence of different oak alternatives on VP production has been observed (Table 
15). 
Within Kratošija wines, in which VP were detected, it can be concluded that there were 
statistically significant effects of different commercial yeast, LAB, and oak addition, on VP 
formation. Regarding the Vranac wines in which VP were detected, it has been noticed that 
significantly higher concentrations of 4-EP were formed in all wines with BM4x4 yeast 
(without addition of LAB, and with and without addition of oak alternatives). In one Vranac 
wine with BDX yeast (with addition of VP41 LAB and chips) lower content of VP was 
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




detected. Within these three Vranac wines with BM4x4 yeast (without addition of LAB), 
significantly higher 4-EP (2.84 mg/L) and 4-EG (0.52 mg/L) contents were achieved, when 
staves were added. When chips were added, the concentrations of 4-EP and 4-EG were lower 
(2.25 and 0.45 mg/L, respectively), while wines without oak addition contained 2.06 mg/L 4-
EP and 0.40 mg/L 4-EG. These wines with high VP contents had high alcohol content 
(>13.5 vol.%) and low pH (<3.4), showing that these parameters cannot be used for 
prediction of VP.  
The growth of D. bruxellensis and production of VP (e.g., 4-EP and 4-EG), can be influenced 
by synergistic effect of ethanol content, SO2, temperature, and pH (Edwards and Oswald, 
2017; Sturm et al., 2014). Tolerance to ethanol depends heavily on the strain of D. 
bruxellensis involved, and previous studies showed that D. bruxellensis can grow even at 
ethanol concentrations of 14.5 vol.%, which is above the concentration of Vranac and 
Kratošija wines, where VP were detected. With the exception of two wine samples, the 
concentration of total SO2 was well below 100 mg/L, which is the amount necessary for the 
inhibition of yeast (Sponholz, 1993). It is believed that at high ethanol concentrations, in 
combination with exposure to sulphites, D. bruxellensis enters VBNC state (Edwards and 
Oswald, 2017). Based on chemical parameters of Kratošija wines with VP content, it can be 
concluded that VP will be formed in wines with alcohol contents from 12.5 to 13.5 vol.%. 
However, based on this parameter only, formation of VP cannot be predicted.  
Regarding the pH of produced wines, addition of commercial yeast, LAB, and oak 
alternatives showed no statistically significant differences among various grape varieties and 
oenological additives. The pH of the wines ranged from 3.24 to 3.75, with the pH range of 
the infected wines from 3.47 to 3.72. Similarly, as for alcohol content, based on this 
parameter, production of VP could not be predicted. 
The most common additive that can inhibit the growth of D. bruxellensis (Suárez et al., 2007) 
is SO2. In this research, SO2 was added before bottling in order to keep concentrations of free 
SO2 in the range of 30-35 mg/L. The total and free SO2 content in examined wines after four 
years of bottle aging from the 2012 vintage was significantly lower than that proposed for 
inhibiting any undesired D. bruxellensis spp. yeasts in the wine. Based on the results after 
three years of bottle aging, it has been noticed that it is hard to keep the SO2 concentration 
stable over prolonged aging periods, even in anaerobic conditions. It is also interesting that 
the highest content of VP was found in wines where concentrations of free SO2 were above 
30 mg/L, suggesting that in this case, D. bruxellensis spp. were not sensitive to these 
concentrations of free SO2. As it was mentioned, the main active antimicrobial fraction of 
SO2, i.e. molecular SO2 depends highly on pH, alcohol content ans temperature and this 
active part decreases over time. It is reported that molecular SO2 concentrations of 0.20 to 
0.50 mg/L inhibit D. bruxellensis growth in wine (Conterno et al., 2006; Barata et al., 2008a). 
Afterall, recent studies showed that some D. bruxellensis strains were sulfite tolerant (Barata 
et al., 2008a; Vigentini et al., 2008; Curtin et al., 2012; Agnolucci et al., 2014; Avramova et 
al., 2018a) and sulfite efficiency was elucidated as population level dependent (Longin et al., 
2016). In this research molecular SO2 in VP infected Vranac samples from 2012 varied from 
0.30 to 0.93 mg/L, and in five Vranac infected samples molecular SO2 varied from 0.74 to 
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1.48 mg/L. while in VP infected samples of Kratošija from 2013, molecular SO2 
concentrations varied from 0.28 to 0.98 mg/L, and in two samples from 2012 range was 
between 0.59 to 0.74 mg/L. Agnolucci et al. (2014) has shown that high molecular SO2 
concentrations of 1.4 mg/L were not able to cause VBNC state of D. bruxellensis, whereas 
only concentrations of molecular SO2 higher than the value of 2.1 mg/L were adequate to 
eliminate D. bruxellensis. Avramova et al. (2018b) showed that 36% of D. bruxellensis 
isolates are resistant/tolerant to sulfite (up to 43% amongst wine isolates), and confirmed the 
relationship between genetic groups and survival patterns in presence of sulfite treatments. 
However, it was suggested that resistant and tolerant D. bruxellensis strains have developed 
multiple strategies in order to cope with SO2 present in wine (Avramova et al., 2018b). 
Further studies should include possible genetic identification of D. bruxellensis from grape 
juices and fermentation niches from Montenegrin vineyards. 
The content of residual sugar is very important, as it is a nutrition source for D. bruxellensis 
spp. yeasts. In Kratošija infected wines, reducing sugars content was below 3.00 g/L, 
confirming that D. bruxellensis is not very demanding from a nutritional point of view and 
can utilise other energy sources (Conterno et al., 2006), which is to say that even low residual 
sugar concentrations do not present a limiting factor for D. bruxellensis spp. growth. These 
results confirm that the increase in D. bruxellensis spp. predominance appears to be the result 
of an exceptional resistance to minimal nutrient conditions, which is seen as the determinant 
in their survival during the production and storage steps, as well as in their development once 
the environment becomes favourable (e.g. reduction in free sulphite during aging) (Steensels 
et al., 2015; Renouf et al., 2007a). Besides, viable D. bruxellensis have been reported in red 
wines bottled for more than 50 years (Renouf et al., 2007a). 
Based on the achieved results, it can be concluded that there were statistically significant 
differences between commercial yeast, LAB, and oak alternatives used on VP formation in 
Montenegrin red wines. Although significant differences in VP contents were observed 
between samples with or without addition of oak alternatives, based on this research results it 
is impossible to say which treatment is better, and further studies are needed. VPs were 
formed only in wines made of two examined autochthonous grape varieties, particularly in 
Kratošija. It is known that D. bruxellensis detection changes during grape ripening. It is more 
frequent at harvest time than on green and immature berries (Renouf et al., 2007a) and some 
sites are more sensitive than others. Moreover, different D. bruxellensis distributions seem to 
occur in relation to the site's physical configuration (topography) or its environment (Barbin 
et al., 2007). D. bruxellensis does not appear to be related to other microorganisms, 
commonly found on grapes, such as acetic bacteria, Penicillium sp., and Aspergillus sp. 
However, the simultaneous presence of D. bruxellensis and Botrytis on grapes has been noted 
(Barbin et al., 2007). In this regard, it is important to notice that Kratošija is more sensitive to 
Botrytis compared to other two grape varieties, since Kratošija has very dense bunches with 
thin berry skin. Vranac is also sensitive, but not to the same extent as Kratošija. Vranac also 
has dense type of bunch. However, berry skin is a little bit firmer. On the other hand, 
Cabernet Sauvignon has loose type of bunch with very firm berry skin, and therefore is more 
resistant to Botrytis infestation. Besides, the grapes used for this study from Kratošija and 
Vranac vineyards are from the same micro-locality (Dinoš) at Ćemovsko field, while 
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Cabernet Sauvignon is planted at another micro-locality (Pista) at Ćemovsko field. This fact 
is also important, considering that vineyards at Ćemovsko field cover 2310 ha and twelve 
micro-localities with different characteristics, sometimes even with different amount of 
rainfall. 
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Table 15: 4-EP and 4-EG contents (mg/L) of examined wines, 2013 vintage, after three years of bottle aging 
Preglednica 15: Vsebnosti 4-EP in 4-EG (mg/L) v proučevanih vinih letnika 2013, po treh letih staranja v steklenici 
Compound Grape variety 
Yeast BDX BM4x4 ICVD21 CONTROL 
SE PCYL Lab 
Oak type Alpha Control Vp41 Alpha Control Vp41 Alpha Control Vp41 Control 
4-EP 
Kratošija 
Chips <0.01eB 1.51aA 0.58cA <0.01eC 0.72bB <0.01eB 0.02eB 0.02eB 0.14dB  0.03 <0.0001 
Control 0.01gA 1.56aA 0.39eB 0.48dB 0.54cC 0.54cA <0.01gB 0.61bA 0.24fA <0.01gA 0.03 <0.0001 
Staves <0.01eB <0.01eB <0.01eC 0.62cA 0.89aA <0.01eB <0.01eC 0.73bC 0.27dA  0.02 <0.0001 
SE <0.01 0.06 0.02 0.02 0.04 0.02 <0.01 0.03 0.01 <0.01   
POA <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 -   
Vranac 
Chips <0.01c <0.01c 0.44bA <0.01c 2.25aB <0.01c <0.01c <0.01cB <0.01c  0.04 <0.0001 
Control <0.01b <0.01b <0.01bB <0.01b 2.06aB <0.01b <0.01b 2.13aA <0.01b <0.01b 0.05 <0.0001 
Staves <0.01b <0.01b <0.01bB <0.01b 2.84aA <0.01b <0.01b <0.01bB <0.01b  0.05 <0.0001 
SE <0.01 <0.01 0.01 <0.01 0.12 <0.01 <0.01 0.06 <0.01 <0.01   




Chips <0.01e 0.23bA 0.11cA <0.01eC 0.26aBA <0.01eB <0.01e <0.01eA 0.04dB  0.01 <0.0001 
Control <0.01f 0.21bA 0.08dB 0.14cB 0.24aB 0.23bA <0.01f 0.14cA 0.06eA <0.01fA 0.01 <0.0001 
Staves <0.01e <0.01eB <0.01eC 0.20bA 0.29aA <0.01eB <0.01e 0.13cB 0.07dA  0.01 <0.0001 
SE <0.01 0.01 <0.01 0.01 0.01 0.01 <0.01 0.01 0.00 <0.01   
POA - <0.0001 <0.0001 <0.0001 0.0109 <0.0001 - <0.0001 <0.0001 -   
Vranac 
Chips <0.01c <0.01c 0.06bA <0.01c 0.45aB <0.01c <0.01c <0.01cB <0.01c  0.01 <0.0001 
Control <0.01c <0.01c <0.01cB <0.01c 0.40aC <0.01c <0.01c 0.20bA <0.01c <0.01c 0.01 <0.0001 
Staves <0.01b <0.01b <0.01bB <0.01b 0.52aA <0.01b <0.01b <0.01bB <0.01b  0.01 <0.0001 
SE <0.01 <0.01 0.00 <0.01 0.02 <0.01 <0.01 0.01 <0.01 <0.01   
POA - - <0.0001 - 0.0017 - - <0.0001 - -   
Values presented as least square means; SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean 
values with a different letter (A, B, C) within the column per grape variety are statistically significantly different (P ≤ 0.05, significance of differences between oak addition); mean values with a 
different letter (a-g) within a row are significantly different (P ≤ 0.05, significance of differences between the used commercial yeast and LAB 
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Table 16: 4 EP/4EG ratios of examined wines, 2013 vintage, after three years of bottle aging 
Preglednica 16: Razmerje 4-EP/4-EG v v proučevanih vinih letnika 2013, po treh letih staranja v steklenici 
Grape variety 
Yeast BDX BM4x4 ICVD21 CONTROL 
SE PCYL Lab 
Oak type Alpha Control Vp41 Alpha Control Vp41 Alpha Control Vp41 Control 
Kratošija 
Chips <0.01e 6.63aB 5.24bA 0eC 2.72dB <0.01eB <0.01e <0.01eB 3.75cB  <0.01 <0.0001 
Control <0.01h 7.27aA 4.76bB 3.49eA 2.27gC 2.38fA <0.01h 4.41cA 3.80dA <0.01hA <0.01 <0.0001 
Staves <0.01e <0.01eC <0.01eC 3.08dB 3.09cA <0.01eB <0.01e 5.66aC 4.15bA  <0.01 <0.0001 
SE <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01   
POA - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 <0.0001 -   
Vranac 
Chips <0.01c <0.01c 7.69aA <0.01c 4.97bC <0.01c <0.01c 0cB <0.01c  <0.01 <0.0001 
Control <0.01c <0.01c <0.01cB <0.01c 5.15bB <0.01c <0.01c 10.94aA <0.01c <0.01c <0.01 <0.0001 
Staves <0.01b <0.01b <0.01bB <0.01b 5.41aA <0.01b <0.01b <0.01bB <0.01b  <0.01 <0.0001 
SE <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01   
POA - - <0.0001 - <0.0001 - - <0.0001 - -   
Values presented as least square means; SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean 
values with a different letter (A, B, C) within the column per grape variety are statistically significantly different (P ≤ 0.05, significance of differences between oak addition); mean values with a 
different letter (a, b, c, d) within a row are significantly different (P ≤ 0.05, significance of differences between the used commercial yeast and LAB) 
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Figure 39: Volatile phenols (VP) contents (4-EP and 4-EG in mg/L) in examined wines of 2013 vintage, after three years of bottle aging 
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It has been proposed that by changing microbiological parameters and technological 
conditions it is possible to influence the final VP content in wine. Both microbiological and 
technological parameters have an important influence on VP, but based on achieved results it 
is not possible to predict their direct influence. In order to determine the critical point of VP 
occurrence, VP have been determined in wines after AF, after MLF, after short three-month 
aging in contact with oak alternatives, and later after three and four years of bottle aging. VP 
have appeared only in wines of autochthonous grape varieties, after long bottle aging, and VP 
content and the number of infected samples have depended on the vintages. Using the 
Cabernet Sauvignon, i.e. international grape variety for comparison, it has been concluded 
that in wines of this variety, grown in agro-ecological conditions of Ćemovsko field, VP 
would not appear even after three or four years aging in bottles. Basic chemical parameters 
have also been analysed in all production phases in order to determine the relationship 
between these parameters and to improve the product. It has been concluded that VP can be 
formed in wines with high alcohol content, low pH, low reducing sugars content, and even in 
wines with free SO2 above 30 mg/L. The obtained results are applicable both at 
microvinification level and at industrial level and based on them, it was observed the 
following: 
• the highest number of samples with detected VP from the vintage 2012 were within 
Vranac wines, VP being in 12 out of 28; in Kratošija and Cabernet Sauvignon wines, VP 
were detected in two samples per each variety, but the values were below detection 
threshold for the 4-EP and 4-EG; the highest concentration of 4-EP in Vranac wines was 
expected, since the highest content of p-coumaric acid was determined in Vranac wines, 
after AF and after MLF; also, lower alcohol content was noticed in Vranac wines with VP 
(mean value was 12.26 vol.%) compared to Kratošija and Cabernet Sauvignon, which had 
higher alcohol contents (> 13.40 vol.%); VP were formed even in wines with low pH 
(3.30-3.50) and low reducing sugars (< 2 g/L); in Vranac wines with VP, the content of 
free and total SO2 on average was 12.70 mg/L and 33.71 mg/L, respectively; it was 
observed that six samples with detected VP were inoculated with BDX commercial yeast, 
four with ICVD21, one with BM4x4, and that VP were also determined in control wine 
with spontaneous AF and MLF; the highest VP concentrations within Vranac wines were 
determined in ICVD21-CTRL-CTRL wine, i.e. 1.923 mg/L of 4-EP and 0.325 mg/L of 4-
EG.  
• in varietal wines of 2013 vintage, Kratošija had the highest number of wines detected with 
VP (18 samples); in Vranac, only four samples contained VP, while no VP were detected 
in the analysed Cabernet Sauvignon wines; highest concentrations of VP were expected in 
Kratošija wines, since they contained highest concentrations of phenolic acids; in 
Kratošija wines with detected VP, higher contents of 4-EP (1.51 and 1.56 mg/L) were 
observed in BDX-CTRL-CTRL and in BDX-CTRL-CHIPS wines, respectively, while in 
other Kratošija wines, 4-EP contents varied from 0.01 to 0.89 mg/L; higher contents of 4-
EG in Kratošija wines were observed in all samples where AF was carried out with 
BM4x4 yeast, without LAB addition, regardless of the addition of oak alternatives; based 
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on chemical parameters of Kratošija wines with VP content, it can be concluded that VP 
will be formed in wines with alcohol contents from 12.5 to 13.5 vol.%; the pH range of the 
infected wines was from 3.47 to 3.72. 
• it has been noticed that in Vranac wines with VP detected, higher concentrations of 4-EP 
were formed in all wines with BM4x4 yeast (without addition of LAB, and with and 
without addition of oak alternatives), and within these three Vranac wines with BM4x4 
yeast (without addition of LAB), higher 4-EP (2.84 mg/L) and 4-EG (0.52 mg/L) contents 
were achieved when staves were added, and when chips were added the contents of 4-EP 
and 4-EG were lower (2.25 and 0.45 mg/L, respectively), while wines without oak 
addition contained 2.06 mg/L 4-EP and 0.40 mg/L 4-EG; the wines with high VP contents 
had high alcohol content (>13.5 vol.%) and low pH (<3.4); highest contents of VP were 
found in wines where concentrations of free SO2 were above 30 mg/L, suggesting that in 
this case, D. bruxellensis spp. were not sensitive to these concentrations of free SO2.  
It has been also proposed that higher content of free HCA in grape must and young wine 
means higher content of VP in aged wine. By determination of the VP precursors, i.e. the 
content of free HCA in wines after AF and MLF, it could give orientation if wine has 
predisposition for VP formation, and following observations were made:  
• in 2012, after AF, the average content of p-coumaric acid was the highest in Vranac wines 
(1.23 mg/L), followed by Cabernet Sauvignon (0.58 mg/L) and Kratošija (0.25 mg/L); In 
wines of autochthonous grape varieties, addition of BDX produced wines with highest 
content of p-coumaric acid; the highest content of ferulic acid was determined in Kratošija 
wine with spontaneous AF (0.57 mg/L), also in Cabernet Sauvignon wine with no addition 
of commercial yeast the highest content of this acid was determined (0.14 mg/L), while in 
Vranac wines BDX commercial yeast gave wines with the highest content of ferulic acid 
(0.11 mg/L). 
• in 2012, higher content of p-coumaric acid was determined in Vranac wines after MLF, on 
average the content of p-coumaric acid in Vranac wines with addition of commercial yeast 
× LAB was 1.61 mg/L, while mean values of p-coumaric acid concentration in Cabernet 
Sauvignon and Kratošija were 0.36 mg/L and 0.31 mg/L, respectively; the average content 
of ferulic acid was similar in all varietal wines and varied from 0.102 mg/L in Cabernet 
Sauvignon wines to 0.151 mg/L in Kratošija wines and in all varietal wines, after MLF, 
the highest mean value of ferulic acid was determined in wines inoculated with BM4x4 
commercial yeast, and the lowest in BDX wines. 
• in 2013, highest concentrations of all examined free HCA were detected in Kratošija 
wines, regardless of the commercial yeast used; the average content of p-coumaric acid in 
Kratošija wines was 1.13 mg/L, followed by Vranac (0.88 mg/L) and Cabernet Sauvignon 
(0.75 mg/L); Also the the average content of ferulic acid in Kratošija wines was 
0.74 mg/L, followed by Cabernet Sauvignon (0.43 mg/L) and Vranac (0.33 mg/L); In 
wines of autochthonous grape varieties, addition of BM4x4 commercial yeast produced 
wines with highest content of p-coumaric acid and ferulic acid.   
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It was proposed that D. bruxellensis is present in grapes and wines from Montenegrin terroir, 
particularly in autochthonous ones. The occurrence of D. bruxellensis in grape must and wine 
has for the first time been determined in grapes and wines from Montenegrin terroir. The 
presence of D. bruxellensis spp. has been noticed only in the 2013 vintage Vranac control 
wine after AF. In the 2012 vintage wines and among other wines from the 2013 vintage, the 
presence of D. bruxellensis spp. has not been detected, confirming that these yeasts are 
present in extremely low numbers at the beginning of fermentation. Based on the fact that VP 
were determined only in wine made of autochthonous grape variety and that VP were formed 
in wines of Vranac and Kratošija implies the presence of D. bruxellensis only in the 
vineyards of autochthonous grape varieties. Besides, further studies should also include 
possible genetic identification of D. bruxellensis from grape juices and fermentation niches 
from Montenegrin vineyards. 
It was proposed that addition of oak blocks or chips can improve wine aroma, but also 
increase volatile phenols content in wine. It can be concluded that addition of oak alternatives 
did not influence VP formation in examined wines, because they appeared regardless if they 
were added or not. Nevertheless, all applied techniques influenced sensory characteristics of 
examined wines. In the vintage of 2012, within the wines of Cabernet Sauvignon, addition of 
oak in the shape of chips gave the wines a better evaluation, with significantly higher scores. 
In Vranac wines, addition of chips also gave wines with higher scores, while in Kratošija 
wines, addition of oak did not improve the sensorial properties of wine so much. Contrary to 
the 2012 vintage, addition of oak significantly influenced almost all Vranac wines, except the 
one inoculated with BM4x4 commercial yeast × VP41 commercial LAB. Among Kratošija 
wines, oak addition significantly influenced 55.55% of wines, while all Cabernet Sauvignon 
wines were significantly influenced by oak addition. Regarding the used commercial yeast 
and LAB, it was noticed that better evaluation scores of Vranac wines were obtaing using 
BDX and BM4x4 commercial yeast and Alpha Laba with addition of oak in shape of chips. 
Higher evaluation scores within cabernet sauvignon wines were given to the BDX wines, 
with addition of VP41 LAB and oak in shape of chips. While in case of Kratošija wines, 
better evaluation scores were given to the wines when ICVD21 yeast were used, without oak 
addition and with and without LAB addition.  
It was proposed that 4-ethylphenol and 4-ethylguaiacol influence aroma character of 
Kratošija, Vranac and Cabernet Sauvignon wines and by testing different technologies at 
microvinification scale which are applicable also at industrial scale, it will be possible to 
choose the best winemaking practice in order to minimize their content below the threshold. 
4-ethylphenol and 4-ethylguaiacol influenced aroma character of Kratošija and Vranac after 
long bottle aging, i.e. when they appeared. Tested different technologies are absolutely 
applicable at industrial scale and based on achieved results it can be concluded that in 
winemaking practice every step is important and highly precise technology from the 
vineyards to the bottle aging should be implemented.   
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There is a rising interest over recent decades related to the formation of volatile phenols (VP) 
in top quality red wines worldwide. It is known that VP represent aromatic compounds 
belonging to the phenolic group and if they are present in wine, they have a negative 
influence on final aromatic characteristics of this product. Considerable research of this 
problem in wine industry pointed out that the main responsibility for VP formation belongs to 
the yeast of species D. bruxellensis. Particularly, VP occur in wine due to the metabolism of 
this yeast, which uses the hydroxycinnamic acids (HCA) by consecutive action of two 
enzymes and transform them to ethyl derivates. Therefore, formation of VP also depends on 
the concentration of its precursors, i.e. HCA, which are initially present in grapes, later 
transferred to the wine as well, and their content can differ significantly among grapevine 
varieties and grape maturity, and can also be influenced by different climate conditions and 
technological practice. In winemaking process, it is very important to distinguish the most 
critical control points when spoilage by D. bruxellensis occurs, in order to prevent its further 
growth. In the Montenegrin winemaking industry, there is little awareness of the potential 
detrimental effect of D. bruxellensis as well as of the formation of volatile phenols in wine. 
The presence of volatile phenols and varietal predisposition to their formation have never 
been investigated and this information would be of high interest not only to Montenegrin 
winemakers, but also for the regional ones (since Vranac grape variety has been spread in the 
Balkan region) and from all over the world. In addition, it is interesting to compare the 
determined data with those attained in other countries, since Cabernet Sauvignon is a grape 
variety spread out all over the world’s vineyards.   
The aim of this research has been to examine the microbiological and technological 
parameters influencing VP production in wine of the autochthonous Montenegrin grape 
varieties Kratošija and Vranac and the international grape variety Cabernet Sauvignon. 
Research has been conducted within two consecutive vintages (2012 and 2013) and varietal 
predisposition for VP formation has been determined in Montenegrin wines. Within this 
purpose, grape must and wines of examined grape varieties have been analysed for the first time 
on the presence of D. bruxellensis yeast, and concentrations of HCA have been determined as 
well. The influence of commercial yeast and LAB on wine chemical parameters and HCA 
content has been examined. The impact of addition of oak alternatives on VP formation and 
on the sensory profile of wine has been examined as well. Wine chemical parameters and VP 
have been determined in different phases of winemaking, in order to obtain more information 
about the winemaking stage, when wine is most vulnerable to D. bruxellensis. 
For each grape variety we have performed four trials of AF which consisted of CONTROL 
(CTRL) wine without addition of commercial yeast, i.e. AF was spontaneous, and other three 
trials were with addition of different commercial yeast: BDX – Uvaferm BDX, BM4x4 – 
Lalvin BM4x4 and ICVD21 – Lalvin ICVD21. After alcoholic fermentation, all wines with 
addition of commercial yeast (BDX, BM4x4 and ICVD21) were separated in three identical 
quantities for MLF. Two lots were inoculated with different commercial LAB, Enoferm 
ALPHA (Alpha) and Lalvin VP41 (VP41), while for the third lot, MLF was spontaneous 
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CONTROL (CTRL), i.e. one without addition of LAB. Then all wines, except the control one 
(without addition of commercial yeast and LAB), were divided in three identical amounts to 
mature for three months in contact with oak alternatives, so we had a control wine without 
addition of oak, and wines with addition of blocks and chips (4 g/L) (Medium plus toasted, 
French oak, Pronektar). Wine maturation in contact with oak alternatives occurred in glass 
jars and the room temperature was ~ 15 °C. After three months of maturation, wines were 
bottled and stored for aging. Bottles were put in cardboard wine boxes and laid horizontally 
so that the wine covered the cork and aging was in anaerobic conditions. Room temperature 
was set at ~ 15 °C. In total, after maturation we had 28 samples of wine per each grape variety 
i.e. 84 wine samples altogether. All wines were dry wines, with reducing sugar content up to 
4 g/L.  
Basic chemical parameters of grape must and wine were determined according to the 
European Union Commission regulation (EC) 1234/07 and Commission regulation (EC) 
606/09. Analyses of wine chemical parameters were done after AF, MLF, and after aging in 
bottles for four years (wines from vintage 2012) or for three years (wines from vintage 2013). 
For determination of total phenolic content in wine, the method developed by Singleton and 
Rossi (1965) has been used. Total monomeric anthocyanins were determined using the pH 
differential method (Giusti and Wrolstad, 2001). Liquid DBDM (Dekkera/Brettanomyces 
Differential Medium) was used for isolation of yeasts belonging to genus Dekkera (Rodrigues 
et al., 2001). Individual phenolic compounds in grape must and in wines after AF and MLF 
were determined by LC-MS/MS. Volatile phenols (VP) were determined using Solid Phase 
Micro Extraction (SPME) GC-MS method.  
Experimental data have been evaluated statistically using the SAS (SAS/STAT, 1999). Basic 
statistical parameters were calculated using the MEANS procedure. The data were tested for 
normal distributions and analysed according to a GLM (General Linear Model) procedure. 
After the phase of wine aging with addition of oak, in both research years, the panel of three 
experienced tasters evaluated the wines on their sensory properties. At a temperature of 
17 oC, 81 samples have been evaluated for both years. For the evaluation, 100-point O.I.V. 
method was used. The results of sensory analysis were statistically evaluated using the GLM 
(General Linear Model) procedure.  
Based on the achieved results, the proposed research hypotheses have been successfully 
answered: 
• By changing microbiological (commercial yeast and lactic acid bacteria) and technological 
(addition of oak) parameters it is possible to influence the content of volatile phenols in 
wine. Both microbiological and technological parameters had an influence on VP content 
in examined wines, however at this stage, it is not possible to predict their direct influence. 
• Higher content of HCA in grape must and young wine means higher content of VP in aged 
wine. By analysing the content of free HCA in wine after AF and MLF, could give 
orientation weather wine has predispocition to VP formation.  
• Dekkera bruxellensis as most common and severe wine spoilage organism is present in 
grape and wines of the Montenegrin terroir. Based on the fact that VP were determined 
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only in wine made of autochthonous grape variety and that VP were formed in wines of 
Vranac and Kratošija implies the presence of D. bruxellensis only in the vineyards of 
autochthonous grape varieties. Besides, further studies should also include possible 
genetic identification of D. bruxellensis from grape juices and fermentation niches from 
Montenegrin vineyards. 
• Addition of oak blocks or chips can improve wine aroma, but also increase volatile
phenols content in wine. It can be concluded that addition of oak alternatives did not
influence VP formation in examined wines, because they appeared regardless if they were
added or not.
• 4-ethylphenol and 4-ethylguaiacol influence aroma character of Kratošija, Vranac and
Cabernet Sauvignon wines and by testing different technologies at microvinification scale
which are applicable also at industrial scale, it will be possible to choose the best
winemaking practice in order to minimize their content below the threshold. Based on the
final content of 4-EP and 4-EG in red wines, it is possible to determine the best
oenological practices for minimizing their content below the required threshold. A choice
of starter cultures (yeast, LAB) and oenological tools (chips, blocks) gives applicable
results both at microvinification and at an industrial scale.
6.2 RAZŠIRJEN POVZETEK 
V zadnjih desetletjih po vsem svetu narašča zanimanje za tvorbo hlapnih fenolov (VP) v 
vrhunskih rdečih vinih. Znano je, da VP predstavljajo aromatske spojine, ki pripadajo fenolni 
skupini, in če so prisotne v vinu, negativno vplivajo na končne aromatične lastnosti tega 
pridelka. Te negativne lastnosti arome vina so opisane kot “po konjskem znoju”, “fenolni”, 
“po usnju”, “po hlevu” ali “po laku za nohte”. Najbolj zastopane spojine VP, ki ustrezajo tem 
nezaželenim spremembam v vinu, so 4-etilgvajakol (4-EG), 4-etilfenol (4-EP), 4-etilkatehol 
(4-EC) in njihovi prekurzorji 4-vinilgvajakol (4-VG), 4-vinilfenol (4-VP) in 4-vinilkatehol 
(4-VC). Najpomembnejša spojina znotraj omenjenih je 4-EP, ki ji sledita 4-EG in 4-EC. 
Številne raziskave tega problema v vinarski industriji so pokazale, da je glavna odgovornost 
za nastajanje VP pripisana kvasovkam vrste Dekkera bruxellensis. VP se zlasti pojavljajo v 
vinu zaradi metabolizma teh kvasovk, ki uporabljajo hidroksicimetne kisline (HCA), zlasti 
p-kumarno kislino, ferulno kislino ali kavno kislino, z zaporednim delovanjem dveh encimov. 
Najprej encim cinamat dekarboksilaza (HCD) transformira HCA v ustrezen hidroksistiren, 
nato pa encim vinilfenol reduktaza (VR) iz odgovarjajočih vinilnih derivatov tvori etilne 
derivate. Zato je tvorba VP odvisna od koncentracije prekurzorjev, to je HCA, ki so sprva 
prisotni v grozdju, kasneje se prenesejo tudi v vino. Njihova vsebnost pa se lahko močno 
razlikuje med sortami vinske trte in zrelostjo grozdja, nanjo pa lahko vplivajo tudi različne 
podnebne razmere in tehnološka praksa. Poleg tega je bilo dokazano, da Dekkera bruxellensis 
ni edini mikroorganizem, ki lahko tvori hlapne fenole in da je potencial tvorbe teh spojin 
posebej odvisen od seva. Potrjeno je bilo, da nekatere mlečnokislinske bakterije (LAB) in 
nekatere kvasovke, ki niso rodu Saccharomyces, lahko tvorijo VP. Parametri sestave vina, kot 
so: pH, vsebnost alkohola, vsebnost prostega in skupnega SO2, koncentraciji glukoze in 
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fruktoze ter različni pogoji skladiščenja (temperatura skladiščenja, vrsta vinske posode itd.), 
so prav tako pomembni in vplivajo na presnovo Dekkera bruxellensis in zato posledično na 
tvorbo VP. Glede velikih koncentracij etanola je D. bruxellensis v primerjavi s 
Saccharomyces cerevisiae manj občutljiva in predstavlja eno redkih vrst, ki lahko preživijo in 
se razvijejo v prehransko izčrpanih medijih. Vina z majhno vsebnostjo sladkorja in veliko 
koncentracijo alkohola po alkoholnem vrenju (AF) so dober primer takšnih medijev. 
V procesu pridelave vina je zelo pomembno razlikovati najbolj kritične kontrolne točke, 
kadar pride do kvara vina s strani D. bruxellensis, da se prepreči njena nadaljnja rast. Z izzivi 
so se ukvarjali raziskovalci in vinarji, da bi preprečili težavo na nivoju vinarstva, trenutno pa 
velja ta vrsta za glavno grožnjo, ki jo kvasovke predstavljajo za kakovost vina. Na podlagi 
raziskane literature je mogoče sklepati, da imajo te kvasovke sposobnost rasti, preživetja in 
kvara vina med različnimi fazami pridelave vina. Te kvasovke lahko vplivajo tudi na 
alkoholno in jabolčno-mlečnokislinsko fermentacijo, poročajo pa predvsem o zorenju vina, 
zlasti v hrastovih sodih. Zato se lahko neželeni vonji pojavijo med katero koli od različnih 
stopenj pridelave vina. Jabolčno-mlečnokislinska fermentacija (MLF) in zorenje vina v 
hrastovih sodih veljajo za najbolj neugodne faze za tvorbo VP. Na podlagi literarnih 
podatkov je bilo predlagano, da je uporaba komercialnih starterskih kultur pri industrijski 
vinifikaciji ključnega pomena in vinarjem na splošno daje prednosti z ekonomskega vidika. 
Zorenje vina in procesi med staranjem stekleničenega vina so prav tako primerni in 
predstavljajo potencialno tveganje za rast kvarljivcev. Les za zorenje vina običajno ožgemo 
in med tem postopkom je lignin podvržen določenim spremembam, rezultati te toplotne 
razgradnje pa so spojine, kot so vanilin, ferulna kislina, gvajakol, 4-EG, 4-metilgvajakol, p-
kumarna kislina in 4-EP. Kljub temu je znano, da je zorenje vina v lesu dražje in da sodi 
potrebujejo več prostora, alternativo hrastovim sodom, ki se pojavljajo v obliki drugačne 
oblike in velikosti, pa predstavljajo oblike večjih koščkov hrasta, kot so palice, bloki, ostružki 
in trske iz hrastovega lesa (čips). 
V črnogorski vinarski industriji je premalo zavedanja o možnem škodljivem učinku kvasovk 
rodu Dekkera in tudi o tvorbi hlapnih fenolov v vinu. Vinogradništvo in vinogradništvo v 
Črni gori sta zelo pomembna, v zadnjih desetletjih pa pridelava vrhunskih vin narašča, ne 
samo v največjih vinskih kleteh, temveč tudi pri majhnih proizvajalcih. Poleg tega sektor 
vinogradništva in vinarstva temelji na pridelavi vin iz grozdja avtohtonih sort, najprej iz sorte 
'Vranac', sledi 'Kratošija', v črnogorskih vinogradih pa je mogoče najti tudi nekatere uvedene 
mednarodne sorte grozdja, vendar v manjši meri. Kljub vsemu pa prisotnost hlapnih fenolov 
in sortna nagnjenost oziroma predispozicija sorte k njihovemu nastanku niso bile nikoli 
raziskane in te informacije bi bile zelo zanimive ne samo za črnogorske vinarje, temveč tudi 
za regionalne (odkar se sorta 'Vranac' širi na območju Balkana) vinarje in vinarje z vsega 
sveta. Poleg tega je zanimivo primerjati ugotovljene podatke s podatki, pridobljenimi v 
drugih državah, saj je sorta 'Cabernet Sauvignon' razširjena po svetovnih vinogradih. 
Navsezadnje so za izboljšanje končnega izdelka na voljo zelo koristne informacije vsem 
vinarjem. 
Namen te raziskave je bil proučiti mikrobiološke in tehnološke dejavnike, ki vplivajo na 
tvorbo hlapnih fenolov (VP) v vinu avtohtonih črnogorskih sort grozdja 'Kratošija' in 'Vranac' 
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ter mednarodne sorte 'Cabernet Sauvignon'. Poleg tega smo želeli razlikovati najbolj kritične 
kontrolne točke, ko pride do kvara z D. bruxellensis, da bi lahko preprečili njeno nadaljnjo 
rast. Raziskave so bile izvedene v dveh zaporednih letnikih trgatve (2012 in 2013) in 
omenjenih treh sortah z namenom določitve sortne nagnjenosti k nastanku VP v črnogorskih 
vinih. V ta namen so bili grozdni mošt in vina proučevanih sort prvič analizirani na prisotnost 
kvasovk vrste Dekkera bruxellensis, določene pa so bile tudi koncentracije hidroksicimetnih 
kislin (HCA). Preučen je bil vpliv komercialnih kvasovk in mlečnokislinskih bakterij (LAB) 
na kemijske parametre vina in vsebnost HCA. Proučen je bil tudi vpliv dodajanja alternativ 
hrasta na nastanek VP in na senzorični profil vina. Kemijski parametri vina in VP so bili 
določeni v različnih fazah pridelave vina, da bi dobili več informacij o fazi vinifikacije, ko je 
vino najbolj ranljivo za D. bruxellensis. 
Predlagane raziskovalne hipoteze so bile naslednje: 
• S spreminjanjem mikrobioloških (starterskih kultur komercialnih kvasovk in 
mlečnokislinskih bakterij) in tehnoloških (dodajanje alternative hrasta) parametrov je 
mogoče vplivati na vsebnost hlapnih fenolov v vinu. 
• Večja vsebnost HCA v grozdnem moštu in mladem vinu pomeni večjo vsebnost VP v 
staranem vinu. 
• Dekkera bruxellensis kot najpogostejši in najhujši organizem kvarjenja vina je prisoten v 
grozdju in v vinih črnogorskega rastišča. 
• Dodajanje blokov ali trsk (čipsov) iz hrastovega lesa lahko izboljša aromo vina, hkrati pa 
poveča vsebnost hlapnih fenolov v vinu. 
• 4-etilfenol in 4-etilgvajakol vplivata na aromatski značaj vin kratošija, vranac in cabernet 
sauvignon; s preskušanjem različnih tehnologij v mikrovinifikacijskem merilu, ki so 
primerne za uporabo tudi v industrijskem obsegu, bo mogoče izbrati najboljšo vinarsko 
prakso in tako zmanjšati njihovo vsebnost pod prag senzorične zaznave in prepoznave. 
V okviru raziskovalnega projekta smo proučili vplive različnih komercialnih kvasovk, 
različnih komercialnih LAB in alternativ hrasta na tvorbo VP, tj. 4-EP in 4-EG, v črnogorskih 
rdečih vinih dveh avtohtonih sort vranac in kratošija, kot tudi v vinu mednarodne sorte 
cabernet sauvignon, pridelanih v dveh zaporednih letnikih 2012 in 2013. 
Grozdje vseh treh proučevanih sort je bilo gojeno v vinogradih podjetja "13. Jul Plantaže" 
a.d. na Ćemovskem polju (2310 ha), Črna gora. Po določitvi optimalne fiziološke in 
tehnološke zrelosti grozdja smo opravili ročno trgatev in grozdje prepeljali v klet za 
mikrovinifikacijo na nadaljnjo predelavo. Pred začetkom alkoholne fermentacije (inokulacijo 
s kvasovkami) smo v vseh treh vzorcih mošta določili naslednje parametre: relativno gostoto, 
vsebnost sladkorja (%), pH in skupno kislost (g/L, izraženo kot vinska kislina). Po potrebi 
smo skupno kislost in pH prilagodili ustreznim vrednostim z dodatkom vinske kisline. 
Alkoholna fermentacija vseh fermentacijskih poskusov je bila izvedena v PVC sodih po 
tradicionalni metodi. Za vsako sorto grozdja smo izvedli po štiri poskuse alkoholne 
fermentacije (AF): vina KONTROLA (CTRL) brez dodajanja komercialnih kvasovk, tj. AF 
je bila spontana, pri ostalih treh pa so bile dodane različne starterske kulture kvasovk: BDX - 
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Uvaferm BDX, BM4x4 - Lalvin BM4x4 in ICVD21 - Lalvin ICVD21. Po zaključeni 
alkoholni fermentaciji smo vsa vina z dodanimi komercialnimi kvasovkami (BDX, BM4x4 in 
ICVD21) nadalje ločili na tri enake količine za nadaljnjo jabolčno-mlečnokislinsko 
fermentacijo (MLF). Dve seriji sta bili inokulirani z različnima komercialnima kulturama 
mlečnokislinskih bakterij ( LAB), Enoferm ALPHA (Alpha) in Lalvin VP41 (VP41), v tretji 
seriji KONTROLA pa je potekla spontana MLF (CTRL), tj. brez dodatka LAB. Po zaključku 
MLF smo vina pretočili in dodali kalijev metabisulfit v količini, odvisno od prostega SO2. Po 
MLF smo tako imeli po 10 vzorcev vina na sorto grozdja, to je skupno 30 vzorcev. Nato smo 
vsa vina, razen kontrolnega (brez dodatka komercialnih kvasovk in LAB), razdelili še v tri 
enake količine, ki so zorele nadaljnje tri mesece v stiku z alternativami hrasta. Tako smo 
imeli kontrolno vino brez dodatka hrasta in vina z dodatkom blokov in trsk iz hrastovega lesa 
(4 g/L) (srednje stopnja ožiga, francoski hrast, proizvajalca Pronektar, Francija). Trimesečno 
zorenje vina v stiku z alternativami hrasta je potekalo v steklenih balonih pri kletni (sobni) 
temperaturi ~ 15 °C. Po treh mesecih zorenja so se vina stekleničila in skladiščila za staranje. 
Steklenice smo postavili v kartonske škatle in jih položili vodoravno, tako da je vino prekrilo 
pluto in staranje je potekalo v anaerobnih pogojih. Sobna temperatura je bila nastavljena na ~ 
15 °C. Po zorenju smo imeli 28 vzorcev vina na vsako sorto grozdja, to je 84 vzorcev vina. 
Vsa pridelana vina so bila suha, z vsebnostjo reducirajočih sladkorjev do 4 g/L. 
Osnovni kemijski parametri grozdnega mošta in vina so bili določeni v skladu z uredbami 
Evropske unije, Uredbo sveta (ES) 1234/07 in Uredbo komisije (ES) 606/09. Analize 
kemijskih parametrov vina so bile opravljene po AF, MLF in po staranju v steklenicah štiri 
leta (vina letnika 2012) oziroma tri leta (vina letnika 2013). Te analize so vključevale 
naslednje določitve: vsebnosti sladkorja in alkohola, hlapnih kislin, skupnega suhega 
ekstrakta, reducirajočih sladkorjev, pH, skupnih kislin, vinske kisline, jabolčne kisline, 
mlečne kisline, skupnega in prostega SO2, skupnih antocianov in skupnih polifenolov. Za 
določitev vsebnosti skupnih fenolov v vinu je bila uporabljena metoda, ki sta jo razvila 
Singleton in Rossi (1965). Skupni monomerni antocianini so bili določeni s pH-diferencialno 
metodo (Giusti in Wrolstad, 2001). Za izolacijo kvasovk roda Dekkera (Rodrigues in sod., 
2001) smo uporabili tekoče gojišče DBDM (Dekkera/Brettanomyces Differential Medium). Z 
LC-MS/MS smo določili posamezne fenolne spojine v grozdnem moštu in vinu po AF in 
MLF, hlapne fenole (VP) pa smo določili z mikroekstrakcijo na trdno fazo (SPME) in GC-
MS. 
Eksperimentalni podatki so bili statistično ovrednoteni s pomočjo SAS (SAS/STAT, 1999). 
Osnovni statistični parametri so bili izračunani po postopku MEANS. Podatke smo 
preizkusili za normalno distribucijo in analizirali po postopku GLM (General Linear Model). 
Statistični modeli so vključevali glavne vplive dodatka komercialnih kvasovk (in LAB) (CY; 
BDX, BM 4x4, ICVD21 in CTRL; CYL; BDX-ALPHA, BDX-CTRL, BDX-VP41, BM 
4X4-ALPHA, BM 4X4- CTRL, BM4X4-VP41, CONTROL, ICVD21-ALPHA, ICVD21-
CTRL in ICVD21-VP41) in dodatek alternative hrasta (OA; trske, bloki in kontrola), pa tudi 
njihova interakcija: yijk = µ + CY (L) i + OAj + CY (L) * OAij + eijk. Povprečne vrednosti 
za eksperimentalne skupine so bile pridobljene s testom metode najmanjše vsote kvadratov 
(LSM) in primerjane z 5-odstotno stopnjo verjetnosti. Po fazi staranja vina z dodatkom hrasta 
je v obeh proučevanih letih je panel treh preizkušenih degustatorjev ocenil senzorične 
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lastnosti vina. Pri temperaturi 17 °C je bilo za oba letnika skupno ocenjenih 81 vzorcev. Za 
senzorično oceno je bila uporabljena 100-točkovna OIV metoda. Rezultate senzorične analize 
smo statistično ovrednotili po postopku GLM (General Linear Model). 
Z analizo dobljenih rezultatov smo ugotovili statistično značilne razlike v vplivu 
komercialnih kvasovk, LAB in alternative hrasta na tvorbo VP v črnogorskih rdečih vinih. 
Vendar pa so potrebne nadaljnje študije, saj je nemogoče reči, katera tehnološka obdelava je 
boljša. Med vzorci z ali brez dodatka alternativ hrasta smo tudi opazili pomembne razlike v 
vsebnosti VP. Kar zadeva prisotnost kvasovk Dekkera spp. v grozdnem moštu in vinu po AF 
je bilo potrjeno, da so te kvasovke v začetku fermentacije v izjemno majhnem številu, njihova 
prisotnost pa je bila opažena le v enem vzorcu (vranac kontrola - letnik 2013). Potrdili smo 
tudi, da so bile določene HCA povezane s tvorbo VP v vinih avtohtonih sort grozdja. Zlasti 
vranac je v letniku 2012 vseboval bistveno večjo vsebnost p-kumarne kisline in s tem večje 
število vzorcev s VP, to je 4-EP, medtem ko se je v letniku 2013 to zgodilo enako kot pri 
vinih kratošija. Poleg tega so dobljeni rezultati potrdili, da je vsebnost HCA odvisna od sorte 
grozdja, letnika trgatve in uporabljenih tehnoloških praks. Za določitev kritične točke 
nastanka VP lahko sklepamo, da so se VP pojavili le v vinih avtohtonih sort grozdja po 
dolgem staranju steklenic, vsebnost VP in število “okuženih” vzorcev pa sta odvisna od 
letnika. Za vina cabernet sauvignon, tj. mednarodne sorte grozdja, ki smo ga uporabili za 
primerjavo, je bilo ugotovljeno, da se pri vinih te sorte, gojenih v agroekoloških pogojih 
Ćemovskega polja, hlapni fenoli ne bi pojavili niti po treh ali štirih letih staranja v 
steklenicah. Osnovni kemijski parametri vin so bili analizirani v vseh proizvodnih fazah in 
sklepamo, da se VP lahko tvorijo tudi v vinih z veliko vsebnostjo alkohola, nizkim pH, 
majhno vsebnostjo reducirajočih sladkorjev in celo v vinih s prostim SO2 nad 30 mg/L. Te 
analize so bile izvedene, da bi določili ali potrdili povezavo med temi parametri in možno 
tvorbo VP, pokazalo pa se je, da so dobljeni rezultati uporabni tako na nivoju 
mikrovinifikacije kot v industrijskem merilu. 
Glede vpliva komercialnih kvasovk in sorte grozdja na vsebnost HCA v vinih po AF, lahko 
sklepamo naslednje. Vpliv dodatka komercialnih kvasovk in razlik med sortnimi vini letnika 
2012 na vsebnost p-kumarne kisline je bil statistično značilen. Povprečna vsebnost p-
kumarne kisline je bila največja v vinih vranac (1,23 mg/L), katerim sta sledila cabernet 
sauvignon (0,58 mg/L) in kratošija (0,25 mg/L). Med vini avtohtonih sort (vranac in 
kratošija) je bila v vinih, pridelanih z dodatkom komercialnih kvasov BDX, ugotovljena 
največja vsebnost p-kumarne kisline, medtem ko je bila v kontrolnih vinih opažena obratna 
situacija. Kljub temu je bila po AF ugotovljena največja vsebnost te kisline v kontrolnem 
vinu cabernet sauvignon spontane AF (1,86 mg/L). Za vsebnosti ferulne kisline je bilo tudi 
ugotovljeno, da je bil vpliv komercialnih kvasovk in sorte statistično značilen. Največja 
vsebnost ferulne kisline je bila določena v vinu kratošija spontane AF (0,57 mg/L), sledi vino 
cabernet sauvignon, tudi brez dodatka komercialnih kvasovk (0,14 mg/L), medtem ko je bila 
največja vsebnost ferulne kisline določena v vinih vranac, pridelanih s komercialno kvasovko 
BDX (0,11 mg/L). Po AF je bila prevladujoča HCA kavna kislina v vseh sortnih vinih letnika 
2012. Kar zadeva vsebnost kavne kisline, je bil vpliv dodatka komercialnih kvasovk 
statistično značilen pri vinih avtohtonih sort grozdja, medtem ko ta vpliv za vina cabernet 
sauvignon ni bil statistično značilen. Prav tako je bil vpliv sorte grozdja po AF statistično 
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značilen za vsebnost kavne kisline. Povprečna vsebnost kavne kisline v vinih z dodatkom 
komercialnih kvasovk je bila največja v vinih kratošija (9,20 mg/L), sledita jim cabernet 
sauvignon (8,80 mg/L) in vranac (6,92 mg/L), medtem je bila v kontrolnih vinih ta situacija 
ravno nasprotna. Razmerje p-kumarne in ferulne kisline je bilo prav tako odvisno od sorte 
grozdja in dodatka komercialnih kvasovk, z velikimi odstopanji od 0,03 v kontrolnem vinu 
kratošija do 22,89 v vinu vranac, pridelanem s kvasovkami BM4x4. 
Po jabolčno-mlečnokislinski fermentaciji (MLF) v trgatvi letnika 2012 smo prišlo do 
naslednjih ugotovitev o vplivu dodatka komercialnih kvasovk in mlečnokislinskih bakterij 
(LAB). V vinih vranac po MLF je bila določena značilno večja vsebnost p-kumarne kisline, s 
povprečno vsebnostjo 1,61 mg/L p-kumarne kisline v vinih z dodatkom komercialnih 
kvasovk×LAB, medtem ko so povprečne vsebnosti p-kumarne kisline v vinih cabernet 
sauvignon 0,36 mg/L in vinih kratošija 0,31 mg/L. Vsebnost p-kumarne kisline v vinih 
vranac, inokuliranih s komercialnimi kvasovkami, je bila v razponu od 1,40 mg/L v vinu 
BDX-VP41 do 4,04 mg/L v vinu BDX-CTRL, povprečna vrednost pa je bila največja v vinih, 
inokuliranih z ICVD21 komercialnimi kvasovkami (1,76 mg/L). Med vini kratošija se je 
vsebnost p-kumarne kisline gibala od 0,24 mg/L (ICVD21-ALPHA) do 0,92 mg/L v vinu 
BDX-CTRL, povprečna vrednost te kisline pa je bila največja v vinih, inokuliranih s 
komercialnimi kvasovkami BM4x4 (0,41 mg/L). Za primerjavo je bila v vinih cabernet 
sauvignon vsebnost p-kumarne kisline v razponu od 0,20 mg/L v BDX-ALPHA do 0,46 
mg/L v vinu BDX-VP41 in podobno kot v vinih kratošija, je bila povprečna vsebnost te 
kisline največja v vinu, inokuliranem s komercialnimi kvasovkami BM4x4 (0,41 mg/L). Vsa 
sortna vina so vsebovala podobne povprečne vsebnosti vsebnosti ferulne kisline, in sicer od 
0,102 mg/L v vinih cabernet sauvignon do 0,151 mg/L v vinih kratošija. Vsebnost ferulne 
kisline se je od konca AF do konca MLF zmanjšala v vseh vinih avtohtonih sort vranac in 
kratošija, inokuliranih s kvasovkami BDX. Po MLF je bila ugotovljena največja povprečna 
vsebnost ferulne kisline pri vinih, inokuliranih s komercialnimi kvasovkami BM4x4, in 
najmanjša pri vseh sortnih BDX vinih. Po MLF, tako kot po AF, je bila v vseh sortnih vinih 
prevladujoča kavna kislina, ki je bila največja v vinu BM4x4-VP41 sorte cabernet sauvignon. 
V vinih te sorte se je vsebnost kavne kisline v vseh vinih povečala. Srednja vrednost te 
kisline v sortnih vinih, inokuliranih s komercialnimi kvasovkami, je bila najmanjša v vinih 
vranac (7,45 mg/L), katerem so sledila vina sort kratošija (10,19 mg/L) in cabernet sauvignon 
(12,14 mg/L). 
V vinih letnika 2012 nismo odkrili hlapnih fenolov (VP) po AF, MLF in po treh mesecih 
staranja z dodatki alternativ hrasta, smo jih pa odkrili po štirih letih staranja steklenic. Največ 
vzorcev z odkritimi VP je bilo v vinih vranac, 12 od skupno 28 vzorcev. V vinih sort 
kratošija in cabernet sauvignon smo VP zaznali le pri dveh vzorcih obeh sort, vrednosti pa so 
bile pod pragom zaznavanja za 4-EP in 4-EG. Srednja vrednost 4-EP, določena v dveh vinih 
kratošija, je bila 0,007 mg/L, medtem ko je bila ta vrednost 0,098 mg/L v vinih cabernet 
sauvignon. Pričakovati je, da se bo v vinih vranac tvorila največja koncentracija 4-EP, saj je 
bila v omenjeni sorti po AF in po MLF ugotovljena tudi največja vsebnost p-kumarne kisline, 
kar potrjuje hipoteze, da večje vsebnosti HCA kažejo na večjo vsebnost VP kasneje v vinu. V 
primeru ferulne kisline pa so vina sorte vranac vsebovala najmanjšo vsebnost, v nekaterih 
vzorcih po AF ferulna kislina celo ni bila zaznana, zlasti v vinu, inokuliranem s kvasovkami 
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ICVD21. Srednja vrednost vsebnosti ferulne kisline se je od konca AF do konca MLF 
povečala z 1,501 mg/L na 1,941 mg/L. Analiza osnovnih kemijskih parametrov je pokazala 
opazno nižjo alkoholno stopnjo vin vranac, ki so bila obremenjena s VP (povprečna 
koncentracija 12,26 vol. %), v primerjavi z vini kratošija in cabernet sauvignon, ki sta imela 
značilno večjo vsebnost alkohola (>13,40 vol. %). VP so se tvorili tudi pri vinih z nizkim pH 
(3,30-3,50) in majhno koncentracijo reducirajočih sladkorjev (< 2 g/L). V vinih vranac, 
obremenjenimi s VP, je bila vsebnost prostega in skupnega SO2 v povprečju 12,70 mg/L 
oziroma 33,71 mg/L, kar ne zadostuje za mikrobiološko stabilizacijo vina, istočasno pa 
potrjuje dejstvo, da ni enostavno ohraniti večjo vsebnost SO2 za dolgotrajnejše obdobje 
staranja stekleničenega vina Poleg tega je bilo glede komercialnih kvasovk ugotovljeno, da je 
bilo med obremenjenimi vzorci s VP kar šest vzorcev inokuliranih s kvasovkami BDX, štirje 
z ICVD21, le eden pa z BM4x4, bili pa so VP odkriti tudi v kontrolnem vinu s spontanim AF 
in MLF. Med temi vini je bila največja vsebnost VP znotraj vin vranac določena v vinu 
ICVD21-CTRL-CTRL, to je 1923 mg/L 4-EP in 325 mg/L 4-EG. V trgatvi letnika 2012 je 
bilo v okuženih vinih s VP opaziti, da dodajanje alternativ hrasta sploh ni vplivalo na tvorbo 
VP v pregledanih vinih, ker so se VP tvorili ne glede na to, ali so bile alternative hrasta 
dodane ali ne. Razmerje 4-EP/4-EG v letniku 2012 se je gibalo od 3,08 do 9,48. Te 
ugotovitve so potrdile rezultate prejšnjih raziskav, kjer so znotraj iste sort3 grozdja opazili 
velike razlike v razmerjih 4-EP/4-EG. Glede na rezultate, dosežene v raziskavah letnika 
2012, tvorbe VP ne moremo predvideti, tudi če so za AF in MLF uporabljene starterske 
kulture komercialnih kvasovk in LAB. Statistično značilne razlike v vinih letnika 2013 smo 
ugotovili v koncentracijah HCA znotraj sort grozdja, inokuliranih s kvasovkami BDX in 
BM4x4, kot tudi med kontrolnimi vini. Edino izjemo smo opazili v primeru AF s 
komercialnim kvasovkam ICVD21, kjer v vsebnosti p-kumarne kisline ni bilo značilnih 
razlik med sortami. Statistično značilne razlike v vsebnosti HCA smo opazili tudi med 
uporabljenimi komercialnimi kvasovkami, razen v vsebnosti kavne kisline v vinih vranac. 
Poleg tega so bile, ne glede na uporabljene komercialne kvasovke, največje koncentracije 
vseh treh HCA določene v vinih kratošija. Edini vzorec vina z večjo koncentracijo kavne 
kisline pa je bil kontrolni vzorec vina vranac (4,85 mg/L). Podobno kot v vinih letnika 2012 
je bila tudi v 2013 prevladujoča fenolna kislina kavna kislina, z največjimi koncentracijami v 
vinih kratošija in povprečno vrednostjo 2,02 mg/L. Opaženo je bilo tudi, da so bile 
koncentracije ferulne kisline na splošno manjše od koncentracij kavne in p-kumarne kisline. 
Razmerje p-kumarne in ferulne kisline je bilo v vinih kratošija od 1,31 (ICVD21) do 1,82 
(BDX), v vinih cabernet sauvignon od 1,22 (kontrola) do 2,37 (ICVD21) in v vinih vranac od 
2,42 (kontrola) do 3,43 (BDX). To potrjuje odvisnost omenjenega razmerja od uporabljene 
sorte in tehnološke prakse. 
Če primerjamo dobljene rezultate vsebnosti prekurzorjev v vinih po AF obeh letnikov 
opazimo, da so bile v vinih vranac in cabernet sauvignon spontane AF večja vsebnosti 
hidroksicimetnih kislin (HCA) v letniku 2012, v vinih kratošija pa bistveno večja vsebnost 
HCA v letniku 2013. Kavna kislina je bila prevladujoča HCA v vseh sortnih vinih, z izjemo 
vin kratošija letnika 2012, v katerih je bila prevladujoča ferulna kislina (93,2 %). Zaradi 
velike vsebnosti kavne kisline v letniku 2012 je bila v vseh sortnih vinih, ki so bila 
inokulirana s komercialnimi kvasovkami v letu 2012, opažena večja skupna vsebnost 
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proučevanih HCA v primerjavi z letnikom 2013. Med skupno vsebnostjo prekurzorjev VP 
med letnikoma 2012 in 2013 smo opazili značilne razlike v vinih vranac in cabernet 
sauvignon, inokuliranimi s komercialnimi kvasovkami. Vina vranac so vsebovala v povprečju 
8,52 mg/L skupnih prekurzorjev v letniku 2012 in 2,28 mg/L v letu 2013, vina cabernet 
sauvignon pa 9,03 mg/L in 2,24 mg/L v letnikih 2012 in 2013. V letniku 2013 je bila kavna 
kislina v manjših količinah v primerjavi s koncentracijami, določenimi v letniku 2012, vendar 
je predstavljala še vedno glavnega prekurzorja VP (>50 %) v vseh vinih proučevanih treh 
sort. Vina vranac, inokulirana s komercialnimi kvasovkami so imela v letniku 2012 največjo 
vsebnost p-kumarne kisline (1,54 mg/L), sledila pa so jim vina kratošija letnika 2013 
(1,03 mg/L). Največja povprečno vsebnost ferulne kisline (0,67 mg/L) je bila določena v 
vinih kratošija letnika 2013, katerim so sledila vina istega letnika sort cabernet sauvignon 
(0,34 mg/L) in vranac (0,29 mg/L). V letniku 2012 je bila vsebnost ferulne kisline tudi 
največja v vinih kratošija (0,11 mg/L), katerim so, enako kot leta 2013, sledila vina cabernet 
sauvignon (0,08 mg/L) in vranac. 
V vinih letnika 2013 nismo zaznali hlapnih fenolov (VP) v vinih po AF, MLF in po 
trimesečnem zorenju z dodatki alternativ hrasta, smo pa VP odkrili po treh letih staranja v 
steklenicah. Opaženo je bilo, da je imela sorta 'Kratošija' pri sortnih vinih letnika 2013 
največje število vzorcev z odkritimi VP (18 vzorcev). Le štirje vzorci vin vranac so vsebovali 
VP, medtem ko v analiziranih vinih cabernet sauvignon ni bil odkrit niti en vzorec s VP. 
Poleg tega smo v vinih letnika 2013 opazili statistično značilne razlike v vsebnosti VP med 
vzorci vina z dodanimi komercialnimi kvasovkami in LAB ter med vini, kjer so bile 
uporabljene različne alternative hrasta. Kot je bilo pričakovati in primerljivo z vini letnika 
2012, smo v vinih letnika 2013 določili največje koncentracije VP v vinih z največjo 
koncentracijo fenolnih kislin, zlasti p-kumarne kisline. To je imelo za posledico večje 
koncentracije 4-EP v primerjavi s 4-EG. V letniku 2013 smo največjo koncentracijo 4-EP 
določili v vinih Kratošija. Med temi okuženimi vini kratošija smo v kombinacijah BDX-
CTRL-CTRL in v BDX-CTRL-CHIPS določili bistveno večjo vsebnost 4-EP (1,51 in 
1,56 mg/L), v drugih kombinacijah vin kratošija pa je vsebnost 4-EP variirala od 0,01 do 
0,89 mg/L. Ko govorimo o 4-EG, smo v vseh vinih, kjer je bil AF izvedena s kvasovkami 
BM4x4 in brez dodatka LAB, ne glede na dodatek alternativ hrasta, določili bistveno večjo 
vsebnost 4-EG v vinih kratošija. Statistično značilne razlike smo opazili tudi v razmerjih 
4-EP/4-EG med vzorci vina z dodanim komercialnimi kvasovkami in LAB ter med vini, kjer 
so bile dodane različne alternative hrasta. Znotraj vin kratošija, v katerih smo odkrili VP, je 
mogoče sklepati, da so bili za tvorbo VP statistično značilni vplivi različnih komercialnih 
kvasovk, LAB in dodatka hrasta. Za vina vranac z zaznanimi VP pa je bilo značilno, da so se 
bistveno večje koncentracije 4-EP tvorile v vseh vinih, inokuliranih s kvasovkami BM4x4 
(brez dodatka LAB, z in brez dodajanja alternativ hrasta). Samo v enem vzorcu vina vranac, 
pridelanem s kvasovkami BDX, dodanimi LAB VP41 in trskami iz hrastovega lesa (čips), 
smo določili manjšo vsebnost VP. Opaženo je bilo, da so bila v vseh treh vinih vranac, 
pridelanih s kvasovkami BM4x4 (brez dodajanja LAB) določene značilno večji vsebnosti 
4-EP (2,84 mg/L) in 4-EG (0,52 mg/L); ko smo dodali nadomestke lesa, je bila vsebnost 4-EP 
in 4-EG manjša (2,25 oziroma 0,45 mg/L), medtem ko so vina brez dodatka hrasta vsebovala 
2,06 mg/L 4-EP in 0,40 mg/L 4-EG. Prav tako so imela ta vina z večjo vsebnostjo VP tudi 
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




visoko alkoholno stopnjo (>13,5 vol. %) in nizek pH (<3,4), kar kaže, da teh parametrov ni 
mogoče uporabiti za napovedovanje tvorbe VP. Vsekakor lahko z analizo kemijskih 
parametrov vin kratošija z določljivo vsebnostjo VP ugotovimo, da se VP tvorijo v vinih z 
vsebnostjo alkohola od 12,5 do 13,5 vol. %. Kar zadeva vrednost pH pridelanih vin, 
dodajanje komercialnih kvasovk, LAB in hrastovih nadomestkov ni pokazalo statistično 
značilnih razlik med različnimi sortami grozdja in enološkimi dodatki. Vrednost pH je bila v 
razponu od 3,24 do 3,75 za vsa vina, samo za okužena vina pa je bil razpon od 3,47 do 3,72. 
Samo na podlagi pH, enako kot je veljalo za vsebnost alkohola, tvorbe VP ne bi mogli 
predvideti. Poleg tega smo največjo vsebnost VP določili v vinih, kjer so bile koncentracije 
prostega SO2 nad 30 mg/L, kar kaže na to, da je v tem primeru kvasovke Dekkera spp. niso 
bile občutljive na te koncentracije prostega SO2. Glede na to, da je bila v okuženih vinih 
kratošija vsebnost reducirajočih sladkorjev manj kot 3,00 g/L, je bilo potrjeno, da s 
prehranskega vidika B. bruxellensis ni zelo zahtevna in lahko uporablja druge vire energije. 
Na podlagi doseženih rezultatov smo na postavljene raziskovalne hipoteze uspešno 
odgovorili. Potrdili smo, da je mogoče s spreminjanjem mikrobioloških (komercialne 
kvasovke in LAB) in tehnoloških (dodajanje alternativ hrasta) dejavnikov vplivati na 
vsebnost VP v vinu. HCA predstavljajo substrat za mikroorganizme, prisotne v grozdnem 
moštu in vinu, in so prekurzorji VP. Z določitvijo polifenolnega profila v vinu, zlasti 
vsebnosti HCA, je mogoče predvideti, katera vina bodo vsebovala (večjo vsebnost) VP. 
Dekkera bruxellensis ni najpogostejši in najhujši kvarljivec vina, je pa prisoten tudi na 
grozdju in v vinih črnogorskega rastišča. Dodajanje alternativ hrasta (blokov ali trsk iz 
hrastovega lesa) izboljša aromo vina, hkrati pa poveča vsebnost VP v vinu. Na podlagi 
končne vsebnosti 4-EP in 4-EG v rdečih vinih je mogoče določiti najboljše enološke prakse 
za zmanjšanje vsebnosti pod zahtevanim pragom. Izbira starterskih kultur (kvasovk, LAB) in 
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Annex A: Characteristics of used commercial yeast 
Priloga A: Značilnosti uporabljenih komercialnih kvasovk 
Commercial 
name of the 
yeast 




















– 30 °C 
 
Up to 



















and aroma.  
Preserves the concentration in 
phenolic compounds in the wines 
and allows the winemaker to 
elaborate wines with strong colors 












– 28 °C 
Up to 









for red wines and 
full-bodied white 
wines 
Capacity of releasing a significant 
quantity of polyphenol-reactive 
polysaccharides. These 
polysaccharides facilitate the 
production of red wines with great 










– 30 °C 
Up to 







for white, rosé 
and red wine 
production 
Contributes both higher acidity and 
positive polyphenol reactive 
polysaccharides. Strong 
interactions of the polysaccharides 
with the floral and fruity volatile 
compounds contribute to a more 
stable aromatic profile in the 
mouth. 
1Lallemandcatalogue: Uvaferm®BDXTM, Technicaldatasheet2018; 2Lallemandcatalogue: LalvinBM4x4®, Technicaldatasheet 2016; 3Lallemandcatalogue: LalvinICVD21TM, Technicaldatasheet 2016.     
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Annex B: Characteristics of used commercial LAB 
Priloga B: Značilnosti uporabljenih komercialnih LAB 
Commercial 
name of the 
LAB 

















Use Special characteristics 
Lalvin 
VP41TM1 Italy 
> 16 °C 
Optimum 
range:  
17 to 25 °C. 
Up to 




Low Speed Negative 
Recommended 
for white, rosé 
and red wine 
Highly tolerant, 
can perform under 
the most difficult 
winemaking 
conditions such as 
very high alcohol 
as well as low pH. 
It is recognized 
for its sensory 
contribution to 





de la Vigne et 
du Vin (IFV) 
> 14 °C 
Optimum 
range:  
17 to 25 °C. 
Up to 





Low Fast Negative 
Recommended 
for white, rosé 




complexity in red 
wines and 
respects varietal 
aromas in white 
wines.  
1Lallemand catalogue: Lalvin VP41TM, Technical data sheet 2018; 2Lallemand catalogue: Enoferm®AlphaTM, Technical data sheet 2018.    
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Annex C: Individual polyphenolic compounds (mg/L) in wines after AF, 2012 vintage 
Priloga C: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2012 
Grape variety Phenolic compound 
YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
Apigenin 
0.00cC 0.00cC 0.00aC 0.00bB 0.00 <.0001 
Kratošija 0.01bA 0.00dA 0.00cA 0.01aA 0.00 <.0001 
Cabernet Sauvignon 0.00bB 0.00bB 0.00aB 0.00cB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Caffeic acid 
6.79bB 6.68bB 7.30bC 9.76aA 0.39 <.0001 
Kratošija 8.11cA 9.04bA 10.49aA 0.03dC 0.40 <.0001 
Cabernet Sauvignon 8.63aA 8.99aA 8.77aB 8.32aB 0.43 0.3515 
 SE 0.40 0.42 0.45 0.37    PGV 0.0031 0.0007 0.0004 <.0001   Vranac 
Chlorogenic acid 
0.02dB 0.04bB 0.05aB 0.03cB 0.00 <.0001 
Kratošija 0.04cA 0.05bA 0.06aA 0.00dC 0.00 <.0001 
Cabernet Sauvignon 0.02bB 0.04aB 0.02bC 0.04aA 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 0.0039 <.0001 <.0001   Vranac 1,2-
Dihydroxybenzene 
0.15bA 0.17aA 0.17aA 0.09cB 0.01 <.0001 
Kratošija 0.07cB 0.08bC 0.09aB 0.00dC 0.00 <.0001 
Cabernet Sauvignon 0.07cB 0.09bB 0.09bB 0.19aA 0.01 <.0001 
 SE 0.01 0.01 0.01 0.01    PGV <.0001 <.0001 <.0001 <.0001   Vranac 3,4-
Dihydroxybenzoic 
acid 
2.18bA 2.41aA 2.24baA 0.98cB 0.10 <.0001 
Kratošija 1.16aB 0.87bC 1.12aC 0.01cC 0.05 <.0001 
Cabernet Sauvignon 2.27bA 1.64cB 1.53cB 2.91aA 0.11 <.0001 
 SE 0.10 0.09 0.09 0.09    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Ellagic acid 
0.80cB 5.48aA 4.44bA 0.46dB 0.18 <.0001 
Kratošija 0.43cC 0.66aC 0.71aC 0.50bB 0.03 <.0001 
Cabernet Sauvignon 3.27bA 2.07cB 1.71dB 3.86aA 0.14 <.0001 
 SE 0.10 0.17 0.14 0.11    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Ferulic acid 
0.11aB 0.06cB 0.00dC 0.09bC 0.00 <.0001 
Kratošija 0.21bA 0.05cC 0.08cA 0.57aA 0.02 <.0001 
Cabernet Sauvignon 0.08cC 0.10bA 0.07cB 0.14aB 0.01 <.0001 
 SE 0.01 0.00 0.00 0.02    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Gallic acid 
0.37aB 0.34aA 0.30bA 0.27bB 0.02 0.0004 
Kratošija 0.49aA 0.21bC 0.24bB 0.00cC 0.01 <.0001 
Cabernet Sauvignon 0.18dC 0.29bB 0.25cB 0.40aA 0.02 <.0001 
 SE 0.02 0.01 0.01 0.01    PGV <.0001 <.0001 0.0024 <.0001   Vranac 2-
Hydroxycinnamic 
acid 
0.00dA 0.02aA 0.01cA 0.01bB 0.00 <.0001 
Kratošija 0.00cB 0.02aB 0.01bB 0.00dC 0.00 <.0001 
Cabernet Sauvignon 0.00cC 0.01bC 0.01bC 0.02aA 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Kaempferol 
0.01cB 0.02aA 0.01bA 0.01dC 0.00 <.0001 
Kratošija 0.03aA 0.01cC 0.00dC 0.03bA 0.00 <.0001 
Cabernet Sauvignon 0.00cC 0.01bB 0.01bB 0.01aB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 <.0001 <.0001   “to be continued” 
“se nadaljuje”  
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Continued Annex C: Individual polyphenolic compounds (mg/L) in wines after AF, 2012 vintage 
Nadaljevanje Priloge C: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2012 
Grape variety Phenolic compound 
YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
Luteolin 
0.02aC 0.02bC 0.00dC 0.01cC 0.00 <.0001 
Kratošija 0.02bB 0.02bB 0.02cB 0.03aA 0.00 <.0001 
Cabernet Sauvignon 0.04aA 0.04aA 0.03bA 0.02cB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Myricetin 
0.25cA 1.63aA 1.21bA 0.07dB 0.05 <.0001 
Kratošija 0.16bB 0.14bB 0.09cB 0.83aA 0.02 <.0001 
Cabernet Sauvignon 0.10aC 0.04cC 0.07bB 0.04cB 0.00 <.0001 
 SE 0.01 0.05 0.04 0.02    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Naringenin 
0.01bB 0.02aA 0.01bA 0.01cC 0.00 <.0001 
Kratošija 0.02bA 0.01dC 0.01cB 0.02aA 0.00 <.0001 
Cabernet Sauvignon 0.00dC 0.01cB 0.01bA 0.01aB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 .0015 <.0001   Vranac 
p-Coumaric acid 
1.79aA 1.45bA 1.38bA 0.29cB 0.07 <.0001 
Kratošija 0.48aB 0.23bB 0.25bB 0.02cC 0.02 <.0001 
Cabernet Sauvignon 0.09cC 0.21bB 0.15cbC 1.86aA 0.05 <.0001 
 SE 0.05 0.04 0.04 0.05    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Quercetin 
0.14cB 1.19aA 0.99bA 1.45cA 0.04 <.0001 
Kratošija 0.06bC 0.13aC 0.12aC 0.08cB 0.01 <.0001 
Cabernet Sauvignon 0.61aA 0.39bB 0.31cB 0.04cB 0.03 <.0001 
 SE 0.02 0.04 0.03 0.02   
 PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Rutin 
0.00aB 0.00aB 0.00aB 0.00bB 0.00 .0000 
Kratošija 0.05bA 0.00cB 0.00cB 0.00aB 0.00 <.0001 
Cabernet Sauvignon 0.00cB 0.12aA 0.05bA 0.08aA 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Syringic acid 
3.25aA 2.37bA 3.20aA 18.35aA 0.13 <.0001 
Kratošija 1.78aB 0.74cB 1.05bC 1.19cB 0.06 <.0001 
Cabernet Sauvignon 3.04bA 2.34cA 1.74dB 0.22dC 0.13 <.0001 
 SE 0.14 0.10 0.11 0.10    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Benzaldehyde 
0.87bA 1.25aA 1.32aA 0.70bA 0.05 <.0001 
Kratošija 0.32bB 0.32bC 0.55aB 0.40cB 0.02 <.0001 
Cabernet Sauvignon 0.23cC 0.43bB 0.26cC 0.01cC 0.03 <.0001 
 SE 0.03 0.04 0.04 0.03    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
trans-Resveratrol 
0.20bA 0.24aA 0.24aA 0.47bA 0.01 <.0001 
Kratošija 0.06aC 0.03cC 0.06bC 0.06cB 0.00 <.0001 
Cabernet Sauvignon 0.10cB 0.15bB 0.11cB 0.02dC 0.01 <.0001 
 SE 0.01 0.01 0.01 0.01    PGV <.0001 <.0001 <.0001 <.0001   Vranac 
Vanillin 
0.07aA 0.05bA 0.06aA 0.02baC 0.00 <.0001 
Kratošija 0.04aB 0.04cB 0.04bB 0.04cB 0.00 <.0001 
Cabernet Sauvignon 0.05bB 0.04cB 0.04cbB 0.02dC 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00    PGV 0.0001 0.0001 <.0001 <.0001   “to be continued” 
“se nadaljuje”
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Continued Annex C: Individual polyphenolic compounds (mg/L) in wines after AF, 2012 vintage 
Nadaljevanje Priloge C: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2012 
SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean 
values with a different letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences 
between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast) 
Grape variety Phenolic compound 
YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
Vanillic acid 
6.26aA 5.31bA 5.93aA 7.05aB 0.26 <.0001 
Kratošija 3.24bB 2.92cB 3.95aB 2.71cB 0.15 <.0001 
Cabernet Sauvignon 3.28bB 3.30bB 3.67bB 0.99dC 0.22 <.0001 
 SE 0.22 0.20 0.23 0.21    PGV <.0001 <.0001 <.0001 <.0001   
Radonjić S. Impact of microbiological and technological factors on volatile phenols … red wines.  




Annex D: Individual polyphenolic compounds (mg/L) in wines after AF, 2013 vintage 
Priloga D: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2013 
Grape variety Phenolic compound 
YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
Apigenin 
0.00bB 0.00baB 0.00cB 0.00aA 0.00 <.0001 
Kratošija 0.00aA 0.00cC 0.00aA 0.00bB 0.00 <.0001 
Cabernet 
Sauvignon 0.00cC 0.00aA 0.00dB 0.00bA 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00 
   PGV <.0001 <.0001 <.0001 0.0047 
  Vranac 
Caffeic acid 
1.10bB 1.21baB 1.25aB 1.22aC 0.06 0.0661 
Kratošija 2.44aA 2.08bA 1.84cA 1.75cB 0.10 0.0002 
Cabernet 
Sauvignon 1.21bB 1.18bB 1.16bB 4.85aA 0.13 <.0001 
 SE 0.08 0.08 0.07 0.15 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Chlorogenic acid 
0.05bB 0.06aA 0.06aA 0.03cB 0.00 <.0001 
Kratošija 0.07aA 0.05bA 0.04cB 0.05cA 0.00 <.0001 
Cabernet 
Sauvignon 0.06aA 0.05bB 0.03cC 0.03cB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00 
   PGV 0.0003 0.0417 <.0001 <.0001 
  Vranac 
1,2-
Dihydroxybenzene 
0.37bA 0.47aA 0.40bA 0.23cA 0.02 <.0001 
Kratošija 0.13aB 0.13aB 0.12aB 0.11bB 0.01 0.0057 
Cabernet 
Sauvignon 0.11bB 0.13aB 0.11bB 0.09cC 0.01 0.0004 
 SE 0.01 0.01 0.01 0.01 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 3,4-
Dihydroxybenzoic 
acid 
4.21bA 5.08aA 4.45bA 2.82cA 0.21 <.0001 
Kratošija 1.34aB 1.36aC 1.31aC 1.32aC 0.07 0.8145 
Cabernet 
Sauvignon 1.55cB 1.77bB 1.85bB 2.14aB 0.09 0.0004 
 SE 0.14 0.16 0.14 0.11 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Ellagic acid 
1.20aB 1.15aB 1.21aB 0.65bB 0.05 <.0001 
Kratošija 0.37cC 0.43bC 0.51aC 0.34cC 0.02 <.0001 
Cabernet 
Sauvignon 1.67aA 1.44bA 1.39bA 1.59aA 0.08 0.0065 
 SE 0.06 0.05 0.06 0.05 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Ferulic acid 
0.18bB 0.47aC 0.21bC 0.44aC 0.02 <.0001 
Kratošija 0.47bA 1.01aA 0.52bA 0.95aA 0.04 <.0001 
Cabernet 
Sauvignon 0.18dB 0.59bB 0.26cB 0.70aB 0.02 <.0001 
 SE 0.02 0.04 0.02 0.04 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Gallic acid 
6.81aA 7.30aA 6.82aB 4.12bC 0.32 <.0001 
Kratošija 7.20bA 7.54baA 8.08aA 6.85bB 0.37 0.0199 
Cabernet 
Sauvignon 7.46bA 8.08bA 7.86bA 10.09aA 0.42 0.0003 
 SE 0.36 0.38 0.38 0.37 
   PGV 0.1609 0.109 0.0144 <.0001 
  “to be continued” 
“se nadaljuje”
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Continued Annex D: Individual polyphenolic compounds (mg/L) in wines after AF, 2013 vintage 
Nadaljevanje Priloge D: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2013 
Grape variety Phenolic compound 




0.01bA 0.01aB 0.00cB 0.00dA 0.00 <.0001 
Kratošija 0.00bB 0.01aA 0.01aA 0.00cC 0.00 <.0001 
Cabernet 
Sauvignon 0.00bB 0.00cC 0.00aC 0.00dB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Kaempferol 
0.02bB 0.03aB 0.03aB 0.01cB 0.00 <.0001 
Kratošija 0.00bC 0.00bC 0.00bC 0.01aC 0.00 <.0001 
Cabernet 
Sauvignon 0.04bA 0.03cA 0.04cbA 0.04aA 0.00 0.0016 
 SE 0.00 0.00 0.00 0.00 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Luteolin 
0.01cB 0.01aB 0.01bB 0.00dC 0.00 <.0001 
Kratošija 0.01bB 0.01aB 0.00cB 0.00cB 0.00 <.0001 
Cabernet 
Sauvignon 0.20aA 0.15cA 0.17bA 0.02dA 0.01 <.0001 
 SE 0.01 0.00 0.01 0.00 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Myricetin 
1.40bA 1.70aA 1.69aA 0.01cB 0.07 <.0001 
Kratošija 0.17aC 0.11cC 0.16bC 0.00dB 0.01 <.0001 
Cabernet 
Sauvignon 0.92aB 0.69cB 0.84bB 0.45dA 0.04 <.0001 
 SE 0.05 0.05 0.05 0.01 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Naringerin 
0.05cB 0.06aB 0.05bB 0.04dB 0.00 <.0001 
Kratošija 0.02cC 0.03aC 0.03aC 0.02bC 0.00 <.0001 
Cabernet 
Sauvignon 0.09aA 0.09aA 0.08aA 0.06bA 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
p-Coumaric acid 
0.63cB 1.19aB 0.61cB 1.07bB 0.05 <.0001 
Kratošija 0.86cA 1.55aA 0.69dA 1.41bA 0.06 <.0001 
Cabernet 
Sauvignon 0.43dC 1.09aB 0.63cBA 0.85bC 0.04 <.0001 
 SE 0.03 0.06 0.03 0.06 
   PGV <.0001 0.0003 0.0588 <.0001 
  Vranac 
Quercetin 
0.08aB 0.06bB 0.05cB 0.00dB 0.00 <.0001 
Kratošija 0.00cB 0.00bB 0.01aB 0.00cB 0.00 <.0001 
Cabernet 
Sauvignon 3.29aA 2.97bA 3.11baA 1.45cA 0.14 <.0001 
 SE 0.10 0.09 0.09 0.04 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Rutin 
0.01aA 0.00cA 0.00cB 0.01bA 0.00 <.0001 
Kratošija 0.00aB 0.00aA 0.00aB 0.00aB 0.00 . 
Cabernet 
Sauvignon 0.00bB 0.00bA 0.02aA 0.00bB 0.00 <.0001 
 SE 0.00 0.00 0.00 0.00 
   PGV <.0001 . <.0001 <.0001 
  “to be continued” 
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Continued Annex D: Individual polyphenolic compounds (mg/L) in wines after AF, 2013 vintage 
Nadaljevanje Priloge D: Posamezne polifenolne spojine (mg/L) v vinih po AF, letnik 2013 
Grape variety Phenolic compound 
YEAST SE PCY BDX BM4x4 ICVD21 CTRL 
Vranac 
Syringic acid 
7.77cbB 6.78cB 8.20bB 19.03aA 0.58 <.0001 
Kratošija 5.29bC 4.13cC 5.04bC 7.37aB 0.28 <.0001 
Cabernet 
Sauvignon 11.07bA 10.32bA 11.54bA 18.35aA 0.66 <.0001 
 SE 0.42 0.38 0.43 0.79 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Benzaldehyde 
0.85bB 0.73cB 1.14aA 0.65dA 0.04 <.0001 
Kratošija 0.93aB 0.50cC 0.62bC 0.38dB 0.03 <.0001 
Cabernet 
Sauvignon 1.04aA 0.98aA 0.73bB 0.70bA 0.04 <.0001 
 SE 0.05 0.04 0.04 0.03 
   PGV 0.0086 <.0001 <.0001 <.0001 
  Vranac 
trans-Resveratrol 
1.17bA 1.38aA 1.24bA 0.28cB 0.06 <.0001 
Kratošija 1.05aB 1.08aB 1.03aB 0.16bC 0.05 <.0001 
Cabernet 
Sauvignon 0.65aC 0.59aC 0.61aC 0.47bA 0.03 0.0003 
 SE 0.05 0.05 0.05 0.02 
   PGV <.0001 <.0001 <.0001 <.0001 
  Vranac 
Vanillin 
0.02bA 0.02bB 0.02bB 0.03aA 0.00 <.0001 
Kratošija 0.02cA 0.03aA 0.03baA 0.03bcB 0.00 0.0032 
Cabernet 
Sauvignon 0.03aA 0.03aB 0.02bB 0.02baC 0.00 0.0391 
 SE 0.00 0.00 0.00 0.00 
   PGV 0.2363 0.0021 0.0018 0.0004 
  Vranac 
Vanillic acid 
12.70bA 12.65bA 12.24bA 19.02aA 0.72 <.0001 
Kratošija 6.14aB 5.20bB 5.47bB 6.45aB 0.29 0.0026 
Cabernet 
Sauvignon 4.68cC 5.67bB 5.50bB 7.05aB 0.29 <.0001 
 SE 0.43 0.43 0.42 0.61 
   PGV <.0001 <.0001 <.0001 <.0001 
  SE – standard error of mean; PCY – statistical probability of commercial yeast addition; PGV – statistical probability of grape variety; mean 
values with a different letter (A, B, C) within the column are statistically significantly different (P ≤0.05, significance of differences 
between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast) 
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Annex E: Basic chemical parameters after MLF, 2012 vintage, variety × yeast × LAB 
Priloga E: Osnovni kemijski parametri po MLF, letnik 2012, sorta × kvasovka × LAB 
Grape variety Parameter 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Alcohol (vol.%) 
12.31B 12.40 12.36 12.41 12.48 12.26 12.30 12.38 12.33B 12.54 0.62 0.985 
Kratošija 13.90A 13.87 13.69 13.77 13.78 13.72 13.76 13.78 13.84A 13.89 0.69 0.985 
Cabernet Sauvignon 13.80A 13.48 13.68 13.63 13.92 13.64 13.86 13.89 13.99A 13.42 0.69 0.985 
 SE 0.67 0.66 0.66 0.69 0.67 0.66 0.67 0.67 0.67 0.66   
 PGV 0.0466 0.0803 0.0789 0.0857 0.0721 0.0609 0.0498 0.0578 0.042 0.1139   Vranac 
pH 
3.44 3.47 3.43 3.49 3.51 3.50 3.49 3.49 3.47 3.69 0.17 0.851 
Kratošija 3.53 3.52 3.50 3.56 3.57 3.54 3.57 3.54 3.54 3.80 0.18 0.721 
Cabernet Sauvignon 3.62 3.63 3.61 3.73 3.74 3.72 3.70 3.71 3.68 3.67 0.18 0.992 
 SE 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.19   
 PGV 0.5 0.5592 0.492 0.3138 0.3367 0.3443 0.4073 0.3531 0.3976 0.6721   
Vranac 
Reducing sugars (g/L) 
0.48Bg 0.82Aed 0.77e 0.86Bd 1.03Acb 1.15Aa 0.67f 1.06Ab 0.96Ac 0.86Ad 0.04 <0.001 
Kratošija 0.86Aa 0.67Bc 0.86a 0.67Cc 0.86Ba 0.77Cb 0.67c 0.67Bc 0.86Ba 0.58Bd 0.04 <0.001 
Cabernet Sauvignon 0.88Ab 0.78Ad 0.80Bcd 0.96Aa 0.96Aa 0.96Ba 0.70e 0.48Cf 0.68Ce 0.86Acb 0.04 <0.001 
 SE 0.04 0.04 0.04 0.11 0.05 0.05 0.03 0.04 0.04 0.04   
 PGV <.0001 0.0072 0.0846 0.0004 0.0133 0.0002 0.5006 <.0001 0.0005 0.0002   
Vranac 
Total acids (g/L) 
6.12bac 6.38ba 6.43a 5.91bdac 5.84bdc 5.80dc 5.83bdc 5.72dc 6.06bac 5.40Bd 0.30 0.014 
Kratošija 6.03 5.89 6.01 5.88 5.81 6.18 6.05 6.05 5.97 5.31B 0.30 0.104 
Cabernet Sauvignon 5.93bc 5.90bc 6.20ba 5.50c 5.78bc 5.77bc 5.72bc 5.50c 5.80bc 6.56Aa 0.29 0.009 
 SE 0.30 0.30 0.31 0.29 0.29 0.30 0.29 0.29 0.30 0.29   
 PGV 0.7524 0.1569 0.3227 0.2316 0.9687 0.2459 0.427 0.1405 0.5826 0.0032   
Vranac 
Tartaric acid (g/L) 
3.11Abac 3.04Abc 3.11Abac 2.97Adc 2.5Aef 3.10Abac 3.37Aa 2.75Aed 3.32Aba 2.47Af 0.15 <0.001 
Kratošija 2.70Ba 2.47Bb 2.45Bb 2.40Bb 1.93Bc 2.44Bb 2.53Bba 2.35Bb 2.52Bba 1.52Cd 0.12 <0.001 
Cabernet Sauvignon 2.1Cba 1.85Cedc 2.06Cba 1.94Cbdc 1.74Be 1.81Ced 2.02Cbac 1.83Ced 1.94Cbdc 2.19Ba 0.10 0.001 
 SE 0.13 0.13 0.13 0.13 0.10 0.13 0.13 0.12 0.13 0.10   
 PGV 0.0003 <.0001 0.0002 0.0002 0.0003 <.0001 <.0001 0.0002 <.0001 <.0001   
“to be continued” 
“se nadaljuje  
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Continued Annex E: Basic chemical parameters after MLF, 2012 vintage, variety × yeast × LAB 
Nadaljevanje Priloge E: Osnovni kemijski parametri po MLF, letnik 2012, sorta × kvasovka × LAB 
Grape variety Parameter 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Volatile acids (g/L) 
0.30Cf 0.30Bf 0.40Cd 0.40Bd 0.35Be 0.50Bb 0.40Bd 0.45Bc 0.30Cf 0.60a 0.02 <0.001 
Kratošija 0.40Be 0.55Ac 0.45Bd 0.60Ab 0.65Aa 0.50Bc 0.55Ac 0.50Bc 0.50Bc 0.60b 0.03 <0.001 
Cabernet Sauvignon 0.45Ae 0.55Ad 0.55Ad 0.65Abc 0.70Aba 0.75Aa 0.55Ad 0.70Aba 0.60Adc 0.60dc 0.03 <0.001 
 SE 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03   
 PGV 0.0002 <.0001 0.0007 <.0001 <.0001 <.0001 0.0005 <.0001 <.0001 1   
Vranac 
Total dry extract (g/L) 
27.90 28.10 27.60 27.10 27.40 26.60 26.60 26.60 26.60 26.30 1.35 0.737 
Kratošija 30.20 30.00 28.90 28.90 27.90 28.10 27.60 27.40 27.90 27.90 1.42 0.240 
Cabernet Sauvignon 29.50 28.90 29.50 28.90 28.90 29.10 29.20 28.70 29.50 28.70 1.45 0.997 
 SE 1.46 1.45 1.43 1.64 1.40 1.40 1.39 1.38 1.40 1.38   
 PGV 0.2221 0.3402 0.3221 0.2744 0.4593 0.1685 0.1484 0.2484 0.112 0.1769   
Vranac 
Free SO2 (mg/L) 
12.80Ad 19.20Ab 10.24Ae 15.36Ac 15.36Ac 21.76Aa 17.92Ab 12.80Bd 12.80Ad 7.68Bf 0.76 <0.001 
Kratošija 11.52Bd 11.52Bd 8.96Bf 15.36Aa 12.80Bc 15.36Ba 15.36Ba 14.08Ab 11.52Bd 10.24Ae 0.64 <0.001 
Cabernet Sauvignon 8.96Cb 10.24Ba 8.96Bb 10.24Ba 10.24Ca 10.24Ca 10.24Ca 10.24Ca 10.24Ca 10.24Aa 0.50 0.009 
 SE 0.56 0.71 0.47 0.94 0.65 0.82 0.74 0.62 0.58 0.47   
 PGV 0.0004 <.0001 0.024 0.0001 0.0002 <.0001 <.0001 0.0008 0.0049 0.0008   
Vranac 
Total SO2 (mg/L) 
16.64d 27.60Ac 19.20Ad 32.00Bb 37.12Aa 34.56Aba 34.56Aba 34.56Aba 29.44Ac 17.92Ad 1.46 <0.001 
Kratošija 17.92de 19.20Bdc 20.48Ac 35.84Aa 35.84Aa 37.12Aa 26.88Bb 28.16Bb 28.16Ab 16.64Ae 1.38 <0.001 
Cabernet Sauvignon 16.64b 14.08Cc 16.64Bb 16.64Cb 16.64Bb 19.20Ba 19.20Ca 19.2Ca 17.92Bba 14.08Bc 0.86 <0.001 
 SE 0.85 1.05 0.94 1.89 1.57 1.57 1.38 1.40 1.28 0.81   
 PGV 0.1869 <.0001 0.0067 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.003   
Vranac 
Total polyphenols (g/L) 
2.81baB 1.96dC 2.83baB 2.84baB 2.19cB 2.21cB 2.93aB 1.84dC 2.69bB 2.29cB 0.12 <0.001 
Kratošija 2.33aC 2.32aB 2.21bacC 2.21bacC 1.65dC 2.01cC 2.08bcC 2.17bacB 2.13bacC 2.26baB 0.11 <0.001 
Cabernet Sauvignon 3.48baA 3.50aA 3.40baA 3.19baA 3.22baA 3.18bA 3.51aA 3.40baA 3.51aA 2.69cA 0.17 0.001 
 SE 0.15 0.13 0.14 0.14 0.12 0.13 0.15 0.13 0.14 0.12   
 PGV 0.0002 <.0001 0.0002 0.0004 <0.001 <0.001 <0.001 <0.001 <0.001 0.0083   
“to be continued” 
“se nadaljuje
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Continued Annex E: Basic chemical parameters after MLF, 2012 vintage, variety × yeast × LAB 
Nadaljevanje Priloge E: Osnovni kemijski parametri po MLF, letnik 2012, sorta × kvasovka × LAB 
Grape variety Parameter 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 




557.00dcA 569.00bcA 516.00dA 648.00aA 573.00bcA 597.00bacA 612.00baA 636.00aA 
566.00bdc
A 450.00eA 28.75 <0.001 
Kratošija 260.00cC 257.00cC 271.00bcC 287.00baC 230.50dC 272.00bcC 305.00aC 297.00aC 285.00baB 219.00dC 13.48 <0.001 
Cabernet 
Sauvignon 436.50cB 480.00baB 460.50bcB 486.00baB 451.50bcB 481.50baB 510.00aB 505.00aB 523.50aA 328.50dB 23.46 <0.001 
 SE 21.76 22.73 21.44 33.05 22.09 23.49 24.63 24.96 23.73 17.28   
 PGV <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001   SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; PGV – statistical probability of grape variety; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast and LAB) 
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Annex F: Basic chemical parameters after MLF, 2013 vintage, variety × yeast × LAB 
Priloga F: Osnovni kemijski parametri po MLF, letnik 2013, sorta × kvasovka × LAB 
Grape variety Parameter 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Alcohol (vol.%) 
13.65 13.55 13.78 14.04 14.04 14.04 13.92 13.99 13.94 13.16 0.69 0.847 
Kratošija 13.20 13.12 13.42 13.57 13.17 13.79 13.18 13.45 13.05 13.34 0.67 0.941 
Cabernet Sauvignon 13.53 13.58 13.61 13.80 13.78 13.82 13.64 13.74 13.72 13.14 0.68 0.979 
 SE 0.67 0.67 0.68 24.81 0.68 0.69 0.68 0.69 0.68 0.66   
 PGV 0.712 0.6624 0.8161 0.7196 0.3441 0.8924 0.4524 0.649 0.3171 0.921   Vranac 
pH 
3.47 3.43 3.46 3.53 3.44 3.51 3.53 3.49 3.51 3.58 0.17 0.990 
Kratošija 3.70 3.64 3.66 3.76 3.69 3.71 3.72 3.68 3.69 3.71 0.18 1.000 
Cabernet Sauvignon 3.67 3.67 3.68 3.75 3.74 3.73 3.72 3.74 3.72 3.60 0.19 0.993 
 SE 0.18 0.18 0.18 0.04 0.18 0.18 0.18 0.18 0.18 0.18   
 PGV 0.3094 0.2775 0.3237 0.297 0.1755 0.3321 0.3978 0.2877 0.373 0.6597   
Vranac 
Reducing sugars (g/L) 
1.92Bcd 2.02Bcb 1.82Bd 2.02Bcb 2.11Ab 1.82Ad 1.92Bcd 2.59Aa 1.92Bcd 1.54Be 0.10 <0.001 
Kratošija 1.73Bb 1.54Cc 1.82Bba 1.82Bba 1.82Bba 1.92Aa 1.06Ce 1.06Ce 1.34Cd 1.15Ce 0.08 <0.001 
Cabernet Sauvignon 4.18Ab 3.74Adc 3.55Ad 2.5Ae 2.21Af 1.54Bg 4.48Aa 2.02Bf 2.11Af 3.88Ac 0.16 <0.001 
 SE 0.14 0.13 0.13 0.69 0.10 0.09 0.14 0.10 0.09 0.12   
 PGV <.0001 <.0001 <.0001 0.0006 0.0085 0.0047 <.0001 <.0001 0.0001 <.0001   
Vranac 
Total acids (g/L) 
6.45A 6.45A 6.6A 6.52A 6.56A 6.5A 6.51A 6.27A 6.52A 6.3B 0.32 0.956 
Kratošija 5.32B 5.39B 5.55B 5.3B 5.13B 5.5B 5.54B 5.73BA 5.62B 5.71B 0.27 0.224 
Cabernet Sauvignon 5.95Acbd 6.04Acb 6.2Ab 5.75Bcbd 5.41Bd 5.95BAcbd 6.01BAcb 5.52Bcd 5.8Bcbd 7.1Aa 0.30 0.001 
 SE 0.30 0.30 0.02 0.29 0.29 0.30 0.30 0.29 0.30 0.32   
 PGV 0.0099 0.0135 0.0158 0.0063 0.002 0.0184 0.0217 0.0481 0.0228 0.0052   
Vranac 
Tartaric acid (g/L) 
3.37Aba 2.98Ac 3.29Ab 3.36Aba 3.66Aa 3.47Aba 3.33Ab 2.89Ac 3.44Aba 2.92Bc 0.16 0.001 
Kratošija 1.98Cbc 1.88Bdc 1.9Cdc 2.14Bba 1.68Ce 2.19Ba 1.87Cdc 1.77Cde 1.94Bdc 1.95Cdc 0.10 <0.001 
Cabernet Sauvignon 2.57Bc 3.1Ab 2.97Bb 2.07Bed 2.18Bd 2.04Bed 2.50Bc 2.09Bed 1.94Be 3.45Aa 0.13 <0.001 
 SE 0.14 0.14 0.14 1.42 0.13 0.13 0.13 0.11 0.13 0.14   
 PGV <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001   
“to be continued” 
“se nadaljuje   
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Continued Annex F: Basic chemical parameters after MLF, 2013 vintage, variety × yeast × LAB 
Nadaljevanje Priloge F: Osnovni kemijski parametri po MLF, letnik 2013, sorta × kvasovka × LAB 
Grape variety Parameter 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Volatile acids (g/L) 
0.30Cf 0.35Ce 0.25Cg 0.65Ab 0.50Bc 0.50Bc 0.65Ab 0.50Ac 0.45Bd 0.90Ba 0.03 <0.001 
Kratošija 0.50Ab 0.40Bc 0.30Bd 0.55Bb 0.50Bb 0.55Bb 0.50Bb 0.40Bc 0.50Bb 1.00Ba 0.03 <0.001 
Cabernet Sauvignon 0.35Bf 0.50Ae 0.50Ae 0.65Ac 0.60Adc 0.65Ac 0.55Bde 0.50Ae 0.85Ab 1.35Aa 0.04 <0.001 
 SE 0.02 0.02 0.66 0.03 0.03 0.03 0.03 0.02 0.03 0.06   
 PGV <.0001 0.0004 <.0001 0.0111 0.0055 0.0018 0.0018 0.0028 <,0001 0.0001   
Vranac 
Total dry extract (g/L) 
33.90 33.60 34.10 34.90 35.20A 34.40 33.90A 33.30 33.90A 32.30 1.70 0.710 
Kratošija 30.50 30.70 31.00 30.70 30.70B 32.00 29.70B 30.50 29.70B 31.00 1.53 0.816 
Cabernet Sauvignon 32.80 33.60 33.90 32.60 31.80B 32.30 33.60A 32.00 32.00BA 30.00 1.62 0.220 
 SE 1.62 1.63 1.65 0.29 1.63 1.65 1.62 1.60 1.60 1.56   
 PGV 0.1014 0.1159 0.1074 0.0539 0.0346 0.2304 0.0341 0.1806 0.0488 0.2688   
Vranac 
Free SO2 (mg/L) 
16.64Ad 20.48Ac 21.76Ac 24.32Ab 29.44Aa 21.76Ac 21.76Ac 21.76Ac 17.92Ad 10.24Ae 1.06 <0.001 
Kratošija 12.80Be 14.08Bde 12.80Be 16.64Bbc 17.92Bba 15.36Bdc 15.36Bdc 19.20Ba 16.64Abc 7.68Bf 0.76 <0.001 
Cabernet Sauvignon 10.24Ce 12.80Bc 7.68Cg 14.08Cb 12.80Cc 15.36Ba 8.96Cf 11.52Cd 12.80Bc 10.24Ae 0.59 <0.001 
 SE 0.67 0.81 0.76 1.47 1.06 0.89 0.81 0.90 0.80 0.47   
 PGV <.0001 <.0001 <.0001 <.0001 <.0001 0.0002 <.0001 <.0001 0.0006 0.0008   
Vranac 
Total SO2 (mg/L) 
33.28Ad 32.00ed 29.44Aef 47.36Aa 48.64Aa 46.08Aba 43.52Ab 39.68Bc 43.52Ab 26.88Af 1.99 <0.001 
Kratošija 21.76Bf 32.00d 25.6Be 39.68Bc 48.64Aa 38.4Bc 33.28Bd 44.8Ab 34.56Bd 14.08Cg 1.74 <0.001 
Cabernet Sauvignon 19.2Cd 29.44a 21.76Cc 21.76Cc 19.2Bd 20.48Cdc 26.88Cb 15.26Ce 16.64Ce 19.2Bd 1.07 <0.001 
 SE 1.27 1.56 1.29 0.12 2.06 1.83 1.76 1.78 1.67 1.04   
 PGV <.0001 0.1459 0.001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001   
Vranac 
Total polyphenols (g/L) 
4.16aA 4.12aA 4.04aA 3.24cA 3.24cA 3.18cA 4.28aA 3.59bA 3.65bA 2.99cA 0.18 <0.001 
Kratošija 1.93aC 1.76bC 1.49cC 1.97aB 1.76bB 1.95aB 1.55cC 1.64cbC 1.57cC 1.65cbB 0.09 <0.001 
Cabernet Sauvignon 3.30baB 2.34dB 3.11bB 3.17bA 3.45aA 3.10bA 3.13bB 2.71cB 3.14bB 1.70eB 0.15 <0.001 
 SE 0.16 0.15 0.15 0.18 0.15 0.14 0.16 0.14 0.15 0.11   
 PGV <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001   
“to be continued” 
“se nadaljuje
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Continued Annex F: Basic chemical parameters after MLF, 2013 vintage, variety × yeast × LAB 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 




615.00aB 630.00aB 585.00aB 468.00bB 451.50cbB 499.50bB 610.50aB 453.00cbB 486.00bB 417.00cB 26.35 <0.001 
Kratošija 262.50bcC 276.00baC 292.50aC 270.00bacC 282.00baC 264.00bcC 250.50cC 270.00bacC 280.50baC 198.00dC 13.29 <0.001 
Cabernet 
Sauvignon 993.00bA 906.00cA 1009.50baA 1009.50baA 840.00cA 1089.00aA 1033.50baA 886.50cA 1020.00baA 700.50dA 47.75 <0.001 
 SE 34.56 32.84 34.72 0.14 28.71 35.42 35.40 29.78 33.61 24.22   
 PGV <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001   SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; PGV – statistical probability of grape variety; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the grape varieties); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of 
differences between the used commercial yeast and LAB) 
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Annex G: Basic chemical parameters of wines after four years of bottle aging, 2012 vintage, oak addition × yeast × LAB 
Priloga G: Osnovni kemijski parametri vina po štirih letih staranja v steklenici, letnik 2012, dodatek hrasta × kvasovk × LAB 
 
Annex G1: Alcohol content (vol.%) in wines after four years of bottle aging – vintage 2012 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 12.26 12.44 12.41 12.47 12.80 12.42 12.41 12.37 12.43  0.62 0.9932 
Control 12.27 12.44 12.30 12.49 12.43 12.44 12.34 12.53 12.27 12.53 0.62 0.9997 
Staves 12.15 12.59 12.42 12.55 12.50 12.57 12.44 12.38 12.41  0.62 0.9961 
 SE 0.61 0.62 0.62 0.63 0.63 0.62 0.62 0.62 0.62 0.63   
 POA 0.9652 0.9445 0.9661 0.9868 0.7561 0.9506 0.9797 0.9401 0.9427    
Kratošija 
Chips 13.81 13.80 13.81 13.69 13.81 13.80 13.75 13.85 13.77  0.69 1 
Control 13.83 13.69 13.81 13.72 13.70 13.67 13.84 13.90 13.90 13.44 0.69 0.9986 
Staves 13.84 13.80 13.88 13.84 13.64 13.80 13.86 13.90 13.95  0.69 0.9999 
 SE 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.67   
 POA 0.9985 0.9749 0.9898 0.9611 0.9541 0.9651 0.9787 0.9948 0.9481    
Cabernet 
Sauvignon 
Chips 13.68 13.70 13.72 13.75 13.67 14.08 13.72 13.85 13.75  0.69 0.9986 
Control 13.69 13.72 13.75 13.78 13.69 14.08 13.62 13.81 13.90 13.51 0.69 0.9967 
Staves 13.55 13.70 13.72 13.88 13.84 14.00 13.76 13.86 13.97  0.68 0.6204 
 SE 0.68 0.69 0.69 0.69 0.69 0.68 0.69 0.69 0.69 0.68   
 POA 0.9617 0.9991 0.9981 0.9714 0.947 0.0979 0.9675 0.9956 0.9252    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G2: Content of total anthocyanins (mg/L) in wines after four years of bottle aging – vintage 2012 
Priloga G2: Vsebnost skupnih antocianinov (mg/L) v vinih po štirih letih staranja steklenic - letnik 2012 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 385.50f 553.50aA 427.50e 477.00dc 502.50bc 526.50ba 444.00deA 444.00de 457.50de  23.56 <.0001 
Control 421.50c 463.50cbA 435.00c 490.50b 508.50b 499.50b 480.00bA 427.50c 493.50b 595.50aA 24.20 <.0001 
Staves 418.50dc 423.00dcA 454.50bc 475.50ba 505.50a 505.50a 394.50dA 438.00bc 460.50bc  22.71 <.0001 
 SE 20.44 24.15 21.96 24.05 25.28 25.53 22.04 21.83 23.54 29.78   
 POA 0.1339 0.0015 0.3622 0.7157 0.9589 0.4465 0.0091 0.6637 0.1965    
Kratošija 
Chips 123.00fC 114.00fC 154.50deC 144.00e 145.50eC 168.00dcC 186.00ba 198.00aC 172.50bcC  7.92 <.0001 
Control 148.50dcC 136.50deC 154.50cC 145.50dce 180.00bC 118.50fC 172.00b 181.50bC 202.50aC 132.00feC 7.95 <.0001 
Staves 145.50dC 141.00dC 174.00cC 141.00d 150.00dC 144.00dC 189.00b 208.00aC 187.50cbC  8.31 <.0001 
 SE 6.97 6.55 8.06 7.18 7.96 7.25 9.12 9.81 9.39 6.60   
 POA 0.008 0.0049 0.039 0.7473 0.0036 0.0005 0.1271 0.0427 0.0224    
Cabernet 
Sauvignon 
Chips 284.00ba 293.00aB 264.00bcB 285.00baB 278.00baB 282.00baB 249.00cB 273.00bac 276.00ba  13.81 0.0401 
Control 315.00a 268.00bB 326.00aB 315.00aB 263.00bB 326.00aB 279.00bB 309.00a 273.00b 224.00cB 14.58 <.0001 
Staves 293.00b 310.00bB 305.00bB 375.00aB 304.00bB 281.00bB 246.00cB 297.00b 293.00b  15.11 <.0001 
 SE 14.88 14.54 14.97 16.36 14.11 14.85 12.92 14.67 14.04 11.20   
 POA 0.1008 0.0332 0.0062 0.0014 0.0316 0.0157 0.0372 0.0595 0.2487    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G3: Content of total polyphenols (g GAE/L) in wines after four years of bottle aging – vintage 2012 
Priloga G3: Vsebnost skupnih polifenolov (g GAE/L) v vinih po štirih letih staranja steklenic - letnik 2012 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 2.60a 1.84e 1.85e 2.06dc 2.06dc 2.29b 1.90deB 1.88deB 2.10c  0.10 <.0001 
Control 1.93d 1.68e 1.80ed 2.54a 2.21cb 2.33b 2.13cB 2.31cbB 2.14cb 1.63eB 0.10 <.0001 
Staves 1.69f 1.89e 1.99ed 2.14bdc 2.27ba 2.21bac 2.35aB 2.06edcB 1.90e  0.10 <.0001 
 SE 0.11 0.09 0.09 0.11 0.11 0.11 0.11 0.10 0.10 0.08   
 POA 0.0001 0.0658 0.1086 0.0042 0.1282 0.468 0.0062 0.0068 0.0586    
Kratošija 
Chips 2.00a 1.89ba 1.72bcB 1.82b 1.79bC 1.85ba 1.62c 1.60c 1.75bc  0.09 0.0007 
Control 1.95a 1.93a 1.96aB 1.82ba 1.37dC 1.68bc 1.56c 1.71bc 1.73b 1.28dC 0.09 <.0001 
Staves 2.04a 1.96ba 2.01baB 1.87ba 1.85bC 1.87ba 1.58c 1.62c 1.63c  0.09 <.0001 
 SE 0.10 0.10 0.10 0.09 0.08 0.09 0.08 0.08 0.09 0.06   
 POA 0.573 0.6878 0.0204 0.7538 0.0008 0.0778 0.6605 0.2915 0.2587    
Cabernet 
Sauvignon 
Chips 3.70a 3.82aA 3.57aA 2.92b 3.13b 3.04b 3.58a 3.62a 3.60a  0.17 <.0001 
Control 3.68cb 4.30aA 3.77bA 3.11fe 3.38ced 2.99f 3.53cbd 3.31ed 3.44cd 3.42cedA 0.18 <.0001 
Staves 3.45b 3.44bA 4.28aA 3.12c 3.12c 2.98c 3.56b 3.75b 3.52b  0.17 <.0001 
 SE 0.18 0.19 0.19 0.15 0.16 0.15 0.18 0.18 0.18 0.17   
 POA 0.2479 0.0047 0.0106 0.2708 0.1602 0.8742 0.9423 0.0563 0.5693    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G4: Values of pH in wines after four years of bottle aging – vintage 2012 






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 3.35 3.36 3.34 3.36 3.32 3.35 3.34 3.39 3.34  0.17 1 
Control 3.37 3.36 3.34 3.35 3.31 3.34 3.33 3.38 3.35 3.47a 0.17 0.9912 
Staves 3.36 3.36 3.34 3.35 3.32 3.34 3.34 3.38 3.34  0.17 1 
 SE 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17   
 POA 0.9894 1 1 0.9965 0.9964 0.9964 0.9964 0.9965 0.9964    
Kratošija 
Chips 3.33 3.33 3.35 3.32 3.30 3.34 3.32 3.33 3.29  0.17 1 
Control 3.33 3.34 3.36 3.32 3.31 3.36 3.32 3.39 3.28 3.40 0.17 0.9972 
Staves 3.34 3.34 3.36 3.37 3.31 3.32 3.32 3.33 3.29  0.17 0.9997 
 SE 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17   
 POA 0.9964 0.9964 0.9965 0.9153 0.9964 0.9582 1 0.8819 0.9963    
Cabernet 
Sauvignon 
Chips 3.37 3.39 3,39 3.43 3.43 3.44 3.41 3.42 3.41  0.17 0.9999 
Control 3.38 3.39 3.40 3.44 3.44 3.43 3.41 3.41 3.40 3.47aA 0.17 0.9998 
Staves 3.37 3.39 3.40 3.43 3.44 3.44 3.41 3.41 3.41  0.17 0.9999 
 SE 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17   
 POA 0.9965 1 0.9965 0.9966 0.9966 0.9966 1 0.9966 0.9966    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G5: Content of reducing sugars (g/L) in wines after four years of bottle aging – vintage 2012  






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 1.92bC 1.72c 1.72c 2.11aB 1.72cB 2.11a 1.92b 1.63cB 2.11a  0.09 <.0001 
Control 1.72dC 1.72d 1.82dc 1.72dC 1.92bcB 2.11a 2.01ba 2.01baB 1.92bc 1.53eB 0.09 <.0001 
Staves 1.63dC 1.82c 1.63d 2.30aA 1.53dB 2.21a 2.04b 1.92cbB 1.92cb  0.10 <.0001 
 SE 0.09 0.09 0.09 0.10 0.09 0.11 0.10 0.09 0.10 0.08   
 POA 0.0176 0.3395 0.0921 0.0013 0.0045 0.4657 0.3694 0.0058 0.0913    
Kratošija 
Chips 2.30aB 1.63eB 2.11b 1.44f 2.11b 1.82dB 2.01cb 1.82d 1.92cd  0.10 <.0001 
Control 2.78aA 1.63dB 2.20b 2.20b 2.11b 1.72dC 1.92c 1.92c 1.92c 1.34eC 0.10 <.0001 
Staves 2.11baB 2.20aB 2.11ba 1.72c 2.20a 2.20aB 1.92b 1.92b 1.92b  0.10 0.0001 
 SE 0.12 0.09 0.11 0.09 0.11 0.10 0.10 0.09 0.10 0.07   
 POA 0.0013 0.0004 0.5299 0.0001 0.5299 0.002 0.4725 0.3852 1    
Cabernet 
Sauvignon 
Chips 2.59b 2.49cb 2.40cbd 2.40cbdA 2.30cd 2.30cd 2.97a 2.30cd 2.20dA  0.12 <.0001 
Control 2.49bcd 2.30d 2.59bc 2.88aA 2.30d 2.59bc 2.68ba 2.40cd 2.68baA 1.82eA 0.12 <.0001 
Staves 2.68a 2.49ba 2.40b 2.40bA 2.30b 2.49ba 2.68a 2.49ba 2.40bA  0.12 0.0191 
 SE 0.13 0.12 0.12 0.13 0.12 0.12 0.14 0.12 0.12 0.09   
 POA 0.274 0.1669 0.1737 0.0055 1 0.0696 0.0679 0.2316 0.0084    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G6: Content of free SO2 (mg/L) in wines after four years of bottle aging – vintage 2012 






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 10.24d 12.80b 12.80b 11.52cB 12.80b 10.24dB 19.20aA 11.52c 10.24dC  0.63 <.0001 
Control 10.24e 14.08b 12.80c 8.94fB 14.08b 12.80cB 17.92aA 12.80c 14.08bA 11.52dB 0.66 <.0001 
Staves 10.24e 14.08b 12.80c 11.52dB 12.80c 14.08bA 16.64aA 12.80c 10.24eC  0.65 <.0001 
 SE 0.51 0.68 0.64 0.54 0.66 0.62 0.90 0.62 0.58 0.58   
 POA 1 0.0979 1 0.0015 0.0882 0.0008 0.0358 0.0703 0.0003    
Kratošija 
Chips 10.24cA 14.08a 10.24cB 8.96dC 14.08aA 8.96dC 7.68eC 8.96dB 12.80b  0.55 <.0001 
Control 16.64aA 12.80c 15.36bA 8.96eB 16.64aA 7.68fC 12.80cC 12.80cA 11.52d 12.80cA 0.66 <.0001 
Staves 12.80dB 14.08c 15.36bA 14.08cA 17.92aA 8.96fC 11.52eC 11.52eB 12.80d  0.67 <.0001 
 SE 0.67 0.68 0.69 0.55 0.81 0.43 0.54 0.56 0.62 0.64   
 POA <.0001 0.0979 0.0001 <.0001 0.0032 0.0158 <.0001 0.0004 0.0703    
Cabernet 
Sauvignon 
Chips 8.96fB 8.96fC 10.24eB 12.80cA 10.24e 14.08b 15.36a 11.52d 14.08b  0.60 <.0001 
Control 10.24eB 10.24eC 14.08cBA 16.64aA 10.24e 14.08c 15.36b 11.52d 15.36b 7.68fC 0.64 <.0001 
Staves 14.08bA 7.68fB 10.24eC 12.80cBA 10.24e 12.80c 14.08b 11.52d 15.36a  0.61 <.0001 
 SE 0.57 0.45 0.58 0.71 0.51 0.68 0.75 0.58 0.75 0.38   
 POA <.0001 0.0013 0.0003 0.0008 1 0.0979 0.1292 1 0.1292    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
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Annex G7: Content of total SO2 (mg/L) in wines after four years of bottle aging – vintage 2012 
Priloga G7: Vsebnost skupnega SO2 (mg/L) v vinih po štirih letih staranja steklenic - letnik 2012 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 26.88dB 28.16cdB 26.88dC 30.72cbB 32.00bB 29.44cbdB 37.12aB 30.72cbC 35.84aB  1.55 <.0001 
Control 29.44cA 33.28bA 33.28bA 33.28bB 23.04dC 34.56bB 38.40aA 28.16cC 35.84baB 16.64eC 1.56 <.0001 
Staves 35.84aBA 23.04dC 24.32dC 33.28baB 34.56aB 30.72bcB 35.84aB 29.44cC 35.84aB  1.59 <.0001 
 SE 1.55 1.42 1.42 1.62 1.51 1.58 1.86 1.47 1.79 0.83    POA 0.001 0.0004 0.0006 0.1632 0.0002 0.0177 0.3115 0.1849 1    
Kratošija 
Chips 33.28dA 32.00dA 30.72dB 48.64bA 49.92bA 40.96cA 42.24cA 49.92bA 56.32aA  2.18 <.0001 
Control 29.44dA 32.00dcA 34.56cA 42.24bA 53.76aA 40.96bA 42.24bA 51.20aA 53.76aA 24.32eA 2.08 <.0001 
Staves 37.12cA 32.00dB 37.12cA 48.64bA 55.04aA 39.68cA 40.96cA 46.08bA 55.04aA  2.21 <.0001 
 SE 1.67 1.60 1.71 2.33 2.65 2.03 2.09 2.46 2.75 1.22    POA 0.004 1 0.0107 0.023 0.1226 0.6877 0.7025 0.0969 0.5558    
Cabernet Sauvignon 
Chips 30.72eA 33.28edA 38.40cbA 33.28edB 47.36aA 44.80aA 40.96bBA 35.84cdB 35.84cdB  1.91 <.0001 
Control 32.00cbA 32.00cbA 33.28bA 29.40cC 39.68aB 39.68aA 40.96aA 33.28bB 39.68aB 19.20dB 1.72 <.0001 
Staves 33.28cbB 40.96aA 33.28cbB 33.28cbB 32.00cB 40.96aA 35.84bB 33.28cbB 35.84bB  1.78 <.0001 
 SE 1.60 1.78 1.75 1.60 2.01 2.09 1.97 1.71 1.86 0.96    POA 0.227 0.0017 0.0176 0.0387 0.0003 0.0556 0.0289 0.1869 0.0703    SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G8: Content of tartaric acid (g/L) in wines after four years of bottle aging – vintage 2012 






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 1.67cb 1.64cb 1.53c 1.67cbA 2.12aA 1.68cb 1.78b 1.74b 1.62cb  0.09 <.0001 
Control 1.80b 1.53d 1.53d 2.06aA 1.71cbA 1.61cd 1.71cb 1.62cd 1.54d 1.34eA 0.08 <.0001 
Staves 1.65bcd 1.63cd 1.53d 1.71bcA 1.93aA 1.77bc 1.80ba 1.74bc 1.54d  0.09 0.0004 
 SE 0.09 0.08 0.08 0.09 0.10 0.08 0.09 0.09 0.08 0.07   
 POA 0.1436 0.2547 1 0.0036 0.0059 0.1451 0.4689 0.2172 0.4087    
Kratošija 
Chips 1.11bc 1.06c 1.06c 1.08bc 1.25a 1.23a 1.17ba 1.23a 1.18ba  0.06 0.0017 
Control 1.06c 1.05c 1.06c 1.08bc 1.27a 1.26a 1.14bc 1.18ba 1.11bc 1.15bcB 0.06 0.0004 
Staves 1.10bc 1.06bc 1.04c 1.12bc 1.24a 1.16ba 1.11bc 1.24a 1.13bc  0.06 0.0035 
 SE 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06   
 POA 0.5301 0.965 0.8686 0.6111 0.841 0.1997 0.4803 0.4778 0.3645    
Cabernet 
Sauvignon 
Chips 1.17bB 1.17b 1.00cdB 0.95dC 1.09cbC 1.02cdC 1.31aB 1.01cd 0.98dC  0.05 <.0001 
Control 1.56aB 1.29b 1.17cB 1.07dcB 0.95feC 1.17cB 1.15cB 1.04de 1.16cB 0.88fC 0.06 <.0001 
Staves 1.41aB 1.20cb 1.17cbdB 1.07dB 1.07dC 1.15cdB 1.27bB 0.96e 1.17cbdB  0.06 <.0001 
 SE 0.07 0.06 0.06 0.05 0.05 0.06 0.06 0.05 0.06 0.04   
 POA 0.0014 0.1167 0.0146 0.0453 0.0327 0.0325 0.0461 0.2233 0.0094    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G9: Content of total dry extract (g/L) in wines after four years of bottle aging – vintage 2012 






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 25.50 25.80 25.80 24.50 25.00 24.80 24.80 24.50 24.20  1.25 0.7191 
Control 25.00 26.10 25.00 24.00 24.80 25.40 24.20 24.20 23.70 23.70 1.23 0.3368 
Staves 25.00 26.30 25.50 24.50 24.80 25.30 24.50 24.50 24.80  1.25 0.7005 
 SE 1.26 1.30 1.27 1.22 1.24 1.26 1.23 1.22 1.21 1.19   
 POA 0.8574 0.896 0.7493 0.8485 0.9746 0.8273 0.8397 0.9419 0.5693    
Kratošija 
Chips 26.10 26.60 26.30 25.50 26.30 26.30 24.80 25.50 25.50  1.29 0.7632 
Control 26.30 26.10 26.80 26.10 26.10 26.10 25.30 25.50 25.50 24.20 1.29 0.5277 
Staves 26.60 26.80 26.80 26.30 25.80 25.50 25.50 25.30 25.80  1.30 0.7543 
 SE 1.32 1.33 1.33 1.30 1.30 1.30 1.26 1.27 1.28 1.21   
 POA 0.898 0.8071 0.8713 0.7456 0.896 0.7456 0.7897 0.9757 0.947    
Cabernet 
Sauvignon 
Chips 27.90 27.90 27.90 26.80 26.10 26.80 26.80 27.10 27.50  1.36 0.7186 
Control 27.90 27.90 27.90 26.80 26.10 26.30 26.80 27.10 27.10 25.50 1.35 0.4 
Staves 27.40 27.90 27.90 27.10 26.60 27.10 26.80 27.10 27.50  1.36 0.9447 
 SE 1.39 1.40 1.40 1.35 1.31 1.34 1.34 1.36 1.37 1.28   
 POA 0.8805 1 1 0.9519 0.868 0.7692 1 1 0.9192    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G10: Content of total acids (g/L) in wine after four years of bottle aging – vintage 2012 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 5.58 5.52 5.54 5.38 5.42A 5.46 5.39 5.31 5.52  0.27 0.9483 
Control 5.49a 5.58a 5.62a 5.41a 4.70bB 5.37a 5.42a 5.31a 5.46a 5.27a 0.27 0.0284 
Staves 5.59 5.62 5.53 5.35 5.62A 5.40 5.45 5.33 5.44  0.27 0.8337 
 SE 0.28 0.28 0.28 0.27 0.26 0.27 0.27 0.27 0.27 0.26   
 POA 0.8907 0.9082 0.9113 0.9636 0.0119 0.9186 0.9641 0.9944 0.9337    
Kratošija 
Chips 5.50 5.13 5.15 5.39 5.49 5.56 5.41 5.47 5.62  0.27 0.3623 
Control 5.15 5.13 5.18 5.30 5.46 5.54 5.48 5.63 5.60 5.51 0.27 0.2145 
Staves 5.15 5.01 5.25 5.35 5.51 5.39 5.57 5.70 5.59  0.27 0.0922 
 SE 0.26 0.25 0.26 0.27 0.27 0.27 0.27 0.28 0.28 0.28   
 POA 0.2496 0.807 0.8914 0.9193 0.9752 0.7228 0.7819 0.6129 0.9911    
Cabernet 
Sauvignon 
Chips 6.14 6.16 6.08 5.72 5.65 5.77 5.95 5.72 6.38  0.30 0.0838 
Control 6.11ba 6.19ba 6.11ba 5.73b 5.65b 5.88b 6.10ba 5.74b 5.90b 6.60a 0.30 0.0332 
Staves 6.11 6.22 6.07 5.76 5.76 5.90 6.10 5.62 6.06  0.30 0.2629 
 SE 0.31 0.31 0.30 0.29 0.28 0.29 0.30 0.28 0.31 0.33   
 POA 0.9904 0.9723 0.9861 0.9844 0.8641 0.8461 0.7895 0.8614 0.2273    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex G11: Content of volatile acids (g/L) in wines after four years of bottle aging – vintage 2012  
Priloga G11: Vsebnost hlapnih kislin (g/L) v vinih po štirih letih staranja steklenic - letnik 2012 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 0.25dC 0.30cC 0.20eC 0.35bC 0.30cC 0.35bC 0.40a 0.35bC 0.40aB  0.02 <.0001 
Control 0.25dC 0.30cC 0.25dC 0.30cC 0.35bB 0.30cC 0.40a 0.30cC 0.30cC 0.40aC 0.02 <.0001 
Staves 0.30cC 0.35bC 0.25dC 0.35bC 0.35bC 0.35bB 0.40a 0.35bC 0.35bC  0.02 <.0001 
 SE 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02   
 POA 0.0055 0.0125 0.0028 0.0158 0.0158 0.0158 1 0.0158 0.0013    
Kratošija 
Chips 0.45 0.45B 0.45 0.45B 0.50B 0.45B 0.45B 0.45B 0.45  0.02 0.1924 
Control 0.45e 0.50dB 0.45e 0.55cB 0.65bA 0.40fB 0.50dB 0.40fB 0.45e 0.75aB 0.03 <.0001 
Staves 0.50c 0.60aB 0.45d 0.55bB 0.50cB 0.40eB 0.60aA 0.45dB 0.50c  0.03 <.0001 
 SE 0.02 0.03 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.04   
 POA 0.062 0.0011 1 0.0047 0.0008 0.0404 0.0011 0.0471 0.062    
Cabernet 
Sauvignon 
Chips 0.60bA 0.60bA 0.50c 0.60bA 0.60bA 0.70a 0.60b 0.60b 0.70aA  0.03 <.0001 
Control 0.55cA 0.60cA 0.55c 0.75bA 0.70bA 0.70b 0.55c 0.60c 0.60cA 0.90aA 0.03 <.0001 
Staves 0.65baA 0.70aA 0.50d 0.70aA 0.70aA 0.70a 0.55dc 0.60bc 0.60bcA  0.03 <.0001 
 SE 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.05   
 POA 0.0187 0.0125 0.0882 0.0047 0.0158 1 0.1184 1 0.0125    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H: Basic chemical parameters of wines after three years of bottle aging, 2013 vintage, oak addition × yeast × LAB 
Priloga H: Osnovni kemijski parametri vina po treh letih staranja v steklenici, letnik 2013, dodatek hrasta × kvasovk × LAB 
 
Annex H1: Alcohol content (vol.%) in wines after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 13.46 13.49 13.61 13.78 13.72 13.78 13.89 13.98 13.74  0.69 0.9893 
Control 13.50 13.33 13.30 13.74 13.84 13.85 13.72 13.84 13.70 12.94 0.68 0.7853 
Staves 13.54 13.37 13.45 13.73 13.72 13.73 13.80 13.87 13.74  0.68 0.9905 
 SE 0.68 0.67 0.67 0.69 0.69 0.69 0.69 0.69 0.69 0.65   
 POA 0.9895 0.955 0.8562 0.9956 0.9702 0.9774 0.9558 0.967 0.9966    
Kratošija 
Chips 12.97 13.01 12.98 13.10 13.18 13.07 12.93 12.69 13.02  0.65 0.9967 
Control 13.02 12.91 12.88 13.04 12.95 12.84 12.88 12.73 12.96 12.81 0.65 0.9999 
Staves 12.85 12.88 12.80 13.02 13.06 12.98 12.96 12.79 13.08  0.65 0.9993 
 SE 0.65 0.65 0.64 0.65 0.65 0.65 0.65 0.64 0.65 0.64   
 POA 0.9473 0.9675 0.9435 0.9879 0.9124 0.9099 0.9884 0.9815 0.9749    
Cabernet 
Sauvignon 
Chips 13.02 13.21 13.09 13.10 13.14 12.99 13.10 13.07 13.08  0.65 1 
Control 13.10 12.98 12.89 13.11 13.03 13.05 12.98 13.04 13.04 12.80 0.65 0.9999 
Staves 13.05 13.12 12.91 13.08 13.00 13.01 13.10 13.00 13.00  0.65 1 
 SE 0.65 0.66 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.64   
 POA 0.9886 0.9117 0.9181 0.9984 0.9627 0.9934 0.967 0.9913 0.9888    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H2: Content of total anthocyanins (mg/L) in wines after three years of bottle aging – vintage 2013 






SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 729.00baA 682.50bA 733.50A 691.50 772.50 711.00A 729.00A 682.50A 703.50A  35.78 0.1046 
Control 597.00cA 574.50cdA 574.50cdA 735.00a 730.50a 670.50bA 621.00cbA 522.00dA 583.50cA 522.00dA 30.87 <.0001 
Staves 786.00A 747.00A 777.00A 720.00 735.00 765.00A 786.00A 747.00A 700.50A  37.60 0.1252 
 SE 35.42 33.59 35.02 35.79 37.31 35.83 35.76 32.87 33.24 26.10   
 POA 0.0016 0.0022 0.0009 0.3795 0.3789 0.048 0.0037 0.0004 0.007    
Kratošija 
Chips 280.50a 255.00b 252.00cb 177.00e 255.00b 198.00d 198.50d 232.50cB 203.00dC  11.52 <.0001 
Control 265.50a 262.50a 252.00a 171.00e 258.00a 193.50cd 204.50cb 186.00cdeC 179.00deC 222.00bB 11.11 <.0001 
Staves 282.00a 262.50ba 270.00a 184.50e 243.00bc 201.00ed 190.00e 238.50cB 214.00dB  11.71 <.0001 
 SE 13.81 13.00 12.91 8.88 12.60 9.88 9.89 11.01 9.96 11.10   
 POA 0.3371 0.7294 0.2233 0.2534 0.3671 0.6643 0.2722 0.0021 0.0132    
Cabernet 
Sauvignon 
Chips 218.00cC 249.00b 270.00ba 224.00c 267.00ba 248.00b 281.00a 250.00b 280.00aB  12.75 <.0001 
Control 221.50cC 260.00ba 270.00a 249.00ba 270.00a 263.00ba 270.00a 239.00bc 264.50aB 256.00baB 12.84 0.0023 
Staves 250.00bdcB 238.00dc 249.00bdc 231.00d 280.00a 263.00ba 258.50bac 262.00bac 240.00bdcB  12.64 0.0048 
 SE 11.51 12.46 13.16 11.75 13.62 12.90 13.50 12.53 13.10 12.80   
 POA 0.0272 0.1774 0.1582 0.0932 0.5123 0.3278 0.2055 0.1596 0.0261    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H3: Content of total polyphenols (g GAE/L) in wines after three years of bottle aging –vintage 2013 
Priloga H3: Vsebnost skupnih polifenolov (g GAE/L) v vinih po treh letih staranja steklenic - letnik 2013 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 2.85baA 2.83baA 2.73bA 2.98ba 2.87ba 3.03aA 2.17cB 2.33c 2.13cB  0.13 <.0001 
Control 2.31cA 2.32cB 2.32cB 3.07a 2.98ba 2.34cB 2.77bA 2.42c 2.78bA 1.95dB 0.13 <.0001 
Staves 2.78baA 2.81baA 2.61bcA 2.96a 2.85ba 2.94aA 2.17deB 2.39dc 2.03eB  0.13 <.0001 
 SE 0.13 0.13 0.13 0.15 0.15 0.14 0.12 0.12 0.12 0.10   
 POA 0.0049 0.0054 0.0195 0.6537 0.5335 0.0018 0.0012 0.6605 0.0004    
Kratošija 
Chips 1.29eC 2.11a 2.01aB 1.74c 1.50dC 1.81bc 1.84bc 1.84bc 1.95baB  0.09 <.0001 
Control 1.52dB 1.92ba 1.73cC 1.78bc 1.33eC 1.68c 1.98a 1.75c 1.75cC 1.33eC 0.08 <.0001 
Staves 1.43eC 1.90ba 1.65dcB 1.65dc 1.55deC 1.84b 1.80bc 1.95ba 2.01aB  0.09 <.0001 
 SE 0.07 0.10 0.09 0.09 0.07 0.09 0.09 0.09 0.10 0.07   
 POA 0.0201 0.0749 0.0064 0.2457 0.0236 0.1423 0.122 0.0972 0.0356    
Cabernet Sauvignon 
Chips 2.38c 3.10a 2.50cbA 2.45cb 2.61cb 2.69b 2.51cb 2.59cb 2.60cb  0.13 0.0002 
Control 2.50dc 2.98a 2.90baA 2.39d 2.70bc 2.70bc 2.44d 2.70bc 2.51dc 3.03aA 0.13 <.0001 
Staves 2.49c 2.89a 2.44cA 2.61bc 2.45c 2.74ba 2.40c 2.61bc 2.49c  0.13 0.0031 
 SE 0.12 0.15 0.13 0.12 0.13 0.14 0.12 0.13 0.13 0.15   
 POA 0.4619 0.2985 0.01 0.1611 0.1334 0.8938 0.5694 0.5816 0.559    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H4: Values of pH in wines after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 3.33 3.33 3.31 3.28 3.24 3.25 3.36 3.34 3.35  0.17 0.9854 
Control 3.28 3.26 3.26 3.28 3.24 3.30 3.33 3.32 3.35 3.44 0.17 0.9344 
Staves 3.32 3.32 3.31 3.28 3.24 3.26 3.36 3.35 3.35  0.17 0.9882 
 SE 0.17 0.17 0.16 0.16 0.16 0.16 0.17 0.17 0.17 0.17   
 POA 0.9271 0.8576 0.9132 1 1 0.9254 0.9686 0.9753 1    
Kratošija 
Chips 3.46 3.71 3.65 3.62 3.49 3.62 3.70 3.69 3.59  0.18 0.666 
Control 3.47 3.72 3.65 3.61 3.49 3.62 3.72 3.71 3.61 3.67 0.18 0.6894 
Staves 3.46 3.70 3.64 3.62 3.47 3.61 3.70 3.69 3.58  0.18 0.636 
 SE 0.17 0.19 0.18 0.18 0.17 0.18 0.19 0.18 0.18 0.18   
 POA 0.9967 0.9913 0.997 0.9969 0.9869 0.9969 0.9884 0.9884 0.9786    
Cabernet 
Sauvignon 
Chips 3.75 3.70 3.73 3.70 3.64 3.66 3.74 3.62 3.64  0.18 0.986 
Control 3.75 3.70 3.72 3.65 3.63 3.67 3.75 3.62 3.66 3.64 0.18 0.9904 
Staves 3.74 3.70 3.72 3.68 3.62 3.65 3.71 3.62 3.65  0.18 0.9923 
 SE 0.19 0.19 0.19 0.18 0.18 0.18 0.19 0.18 0.18 0.18   
 POA 0.9972 1 0.9971 0.9458 0.9909 0.9911 0.9636 1 0.991    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H5: Content of reducing sugars (g/L) in wines after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 1.72cC 1.72cC 1.64cC 2.30a 2.50a 2.40aB 2.30a 2.03b 2.42a  0.11 <.0001 
Control 2.40cbdB 2.97aA 2.97aA 2.24ed 2.30ced 2.59bA 2.30ced 2.12e 2.50cb 1.34fC 0.12 <.0001 
Staves 1.52eC 1.64eC 1.72eB 2.50cb 2.59b 2.84aA 2.35c 2.12d 2.40cb  0.11 <.0001 
 SE 0.10 0.11 0.11 0.12 0.12 0.13 0.12 0.10 0.12 0.07   
 POA <.0001 <.0001 <.0001 0.0777 0.0681 0.0176 0.8346 0.5155 0.5963    
Kratošija 
Chips 2.40dc 2.35d 2.39dc 2.90a 2.38dc 2.80ba 2.60bc 2.60bc 2.54dc  0.13 0.0003 
Control 2.39c 2.38c 2.40c 2.84a 2.38c 2.72a 2.65ba 2.65ba 2.43bc 2.30cB 0.13 0.0003 
Staves 2.40b 2.37b 2.40b 2.75a 2.35b 2.72a 2.54ba 2.58ba 2.47b  0.13 0.0052 
 SE 0.12 0.12 0.12 0.14 0.12 0.14 0.13 0.13 0.12 0.12   
 POA 0.9931 0.9516 0.9931 0.4718 0.9386 0.7251 0.6088 0.802 0.5765    
Cabernet 
Sauvignon 
Chips 2.90a 2.90a 2.67bacA 2.47c 2.60bc 2.67bac 2.58bc 2.81ba 2.60bc  0.13 0.0097 
Control 2.81bac 2.88ba 3.01aA 2.78bdac 2.60dc 2.71bdc 2.64bdc 2.64bdc 2.52d 2.80bacA 0.14 0.0109 
Staves 2.98a 2.92ba 2.54dcA 2.60dc 2.72bc 2.75bac 2.45d 2.70bdc 2.68bdc  0.14 0.0032 
 SE 0.14 0.15 0.14 0.13 0.13 0.14 0.13 0.14 0.13 0.14   
 POA 0.4113 0.945 0.0143 0.0712 0.4821 0.7783 0.2551 0.3624 0.3818    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H6: Content of free SO2 (mg/L) in wines after three years of bottle aging – vintage 2013 
Priloga H6: Vsebnost prostega SO2 (mg/L) v vinih po treh letih staranja steklenic - letnik 2013 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 17.92e 20.48d 17.92e 25.60bA 28.12aA 23.04cA 14.08fC 12.80fC 16.64eB  1.01 <.0001 
Control 19.20cd 19.20cd 19.20cd 21.76bB 20.48cbB 17.92edB 16.64eC 20.48cbBA 21.76bB 28.16aA 1.03 <.0001 
Staves 19.20bc 19.20bc 17.92c 19.20bcB 20.48baB 21.76aB 11.52eB 12.80eC 15.36dB  0.89 <.0001 
 SE 0.94 0.98 0.92 1.12 1.17 1.05 0.71 0.79 0.91 1.41   
 POA 0.2356 0.2601 0.2233 0.0012 0.0003 0.0024 0.0004 <.0001 0.0003    
Kratošija 
Chips 23.04bB 30.72aA 29.44aA 15.36cB 16.64cB 15.36cB 21.76bB 16.69cB 16.64cB  1.07 <.0001 
Control 16.64eC 32.00aA 23.04cA 14.08fC 19.20dB 17.92edB 19.20dB 19.20dB 14.08fC 26.88bA 1.05 <.0001 
Staves 20.48bB 23.04aB 23.04aB 16.64dC 17.92cdC 19.20cbC 24.32aA 23.04aB 16.64dB  1.03 <.0001 
 SE 1.01 1.44 1.27 0.77 0.90 0.88 1.09 0.99 0.79 1.34   
 POA 0.0007 0.0005 0.0012 0.0187 0.0358 0.0047 0.0037 0.0007 0.0111    
Cabernet Sauvignon 
Chips 28.16ba 24.32dcB 25.60c 25.60c 26.08bc 23.04dA 24.32dcA 25.60cA 29.44aA  1.29 0.0003 
Control 25.60c 30.72aA 23.04de 25.60c 24.32dc 29.44baA 28.16bA 21.76eA 24.32dcA 28.16bA 1.31 <.0001 
Staves 25.60dc 29.44aA 25.60dc 25.60dc 24.32d 25.60dcA 24.32dA 28.16baA 26.88bcA  1.31 0.002 
 SE 1.32 1.41 1.24 1.28 1.25 1.31 1.28 1.27 1.35 1.41   
 POA 0.0882 0.0033 0.0703 1 0.2166 0.0028 0.0158 0.0024 0.0102    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H7: Content of total SO2 (mg/L) in wines after three years of bottle aging – vintage 2013 
Priloga H7: Vsebnost skupnega SO2 (mg/L) v vinih po treh letih staranja steklenic - letnik 2013 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 49.92cd 52.48cbB 55.04bC 47.36edC 42.24fC 66.56aB 43.52efC 33.28gC 56.32b  2.52 <.0001 
Control 51.20dc 69.12bB 69.12bB 34.56fC 42.24eC 55.04cB 47.36dC 51.20dcC 53.76c 81.92aB 2.86 <.0001 
Staves 51.20cd 48.64edC 56.32bC 38.40fC 35.84fB 69.72aB 38.40fB 44.80eC 53.12cb  2.48 <.0001 
 SE 2.54 2.87 3.02 2.02 2.01 3.20 2.16 2.19 2.72 4.10   
 POA 0.7835 0.0003 0.0023 0.0007 0.0119 0.0032 0.0066 0.0002 0.3745    
Kratošija 
Chips 69.12d 79.36cA 84.48bcA 60.16e 79.36cB 83.20bc 89.60ba 67.84dB 94.72aA  3.97 <.0001 
Control 65.28e 81.92dA 106.24aA 60.16e 97.28bcA 84.48d 92.16c 64.00eB 67.04eB 102.40baA 4.18 <.0001 
Staves 67.84dc 60.16eB 84.48aA 62.72de 78.08baA 81.92a 81.90a 74.24bcB 72.96bcA  3.71 <.0001 
 SE 3.37 3.72 4.62 3.05 4.27 4.16 4.40 3.44 3.96 5.12   
 POA 0.4191 0.0007 0.0017 0.5313 0.0025 0.7624 0.0661 0.0289 0.0003    
Cabernet Sauvignon 
Chips 88.32aA 75.52bA 76.80b 85.76a 87.04aA 83.20ba 75.52b 83.20ba 85.76a  4.12 0.0036 
Control 69.12cA 88.32aA 76.80b 76.80b 78.08bB 79.36b 81.92ba 83.20ba 84.48ba 87.04aB 4.03 0.0004 
Staves 81.92baA 75.52bcA 75.52bc 78.08bac 74.24cA 75.52bc 83.20a 83.20a 76.80bac  3.91 0.0492 
 SE 4.01 4.00 3.82 4.02 4.00 3.97 4.01 4.16 4.12 4.35   
 POA 0.003 0.0116 0.8956 0.0675 0.0198 0.138 0.116 1 0.074    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H8: Content of tartaric acid (g/L) in wines after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 1.71d 1.73d 1.62d 1.71d 2.06ba 1.78dc 1.92bc 1.78dc 2.10aA  0.09 <.0001 
Control 1.96a 1.76bc 1.76bc 1.73c 1.90ba 1.91ba 1.69c 1.80bac 1.82bacA 1.10dB 0.09 <.0001 
Staves 1.85bdc 1.69d 1.71dc 1.88bac 1.99ba 1.75dc 1.99ba 1.85bdc 2.03aA  0.09 0.0013 
 SE 0.09 0.09 0.08 0.09 0.10 0.09 0.09 0.09 0.10 0.06   
 POA 0.0432 0.6318 0.2041 0.1086 0.2212 0.1508 0.018 0.6428 0.032    
Kratošija 
Chips 1.29b 0.84e 0.87edC 1.45a 0.96d 1.08cC 1.18c 1.08cB 1.14c  0.06 <.0001 
Control 1.17b 0.90d 0.90dC 1.21b 1.01c 1.04cC 1.24b 1.43aB 1.20b 0.61eC 0.05 <.0001 
Staves 1.24b 0.99d 0.91dC 1.43a 0.95d 1.41aB 1.09c 1.21bB 1.10c  0.06 <.0001 
 SE 0.06 0.05 0.04 0.07 0.05 0.06 0.06 0.06 0.06 0.03   
 POA 0.1341 0.0191 0.5546 0.0091 0.3377 0.0005 0.0531 0.0014 0.1804    
Cabernet 
Sauvignon 
Chips 1.33cb 1.03dB 1.22c 1.32cb 1.22cB 1.40bB 1.38b 1.69aA 1.40b  0.07 <.0001 
Control 1.40a 1.10dB 1.15cd 1.20bcd 1.30baB 1.24bcB 1.30ba 1.39aB 1.30ba 1.28baA 0.06 0.0002 
Staves 1.37bc 1.18edB 1.41ba 1.30bcd 1.09eB 1.51aB 1.38bc 1.24dB 1.28cd  0.07 <.0001 
 SE 0.07 0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.06   
 POA 0.4952 0.0434 0.0059 0.1217 0.0146 0.0089 0.3177 0.0008 0.1374    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H9: Content of total dry extract (g/L) in wines after three years of bottle aging – vintage 2013 
Priloga H9: Vsebnost skupnega suhega ekstrakta (g/L) v vinih po treh letih staranja steklenic - letnik 2013 
Grape 
variety oak-type 
YEAST/LAB SE PCYL 
BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL   ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 30.70a 30.70 31.30 29.40 31.80 32.30 31.30 31.00 31.50  1.56 0.5844 
Control 31.50 30.05 30.50 29.40 29.40 32.00 31.30 30.70 31.50 29.70 1.53 0.3762 
Staves 31.00 30.50 31.00 31.80 31.50 32.30 31.30 30.70 31.50  1.56 0.9151 
 SE 1.55 1.52 1.55 1.51 1.55 1.61 1.57 1.54 1.58 1.49   
 POA 0.8216 0.869 0.8203 0.1603 0.1981 0.9661 1 0.963 1    
Kratošija 
Chips 28.70 27.90 27.90 28.10 28.70 28.50 27.60 26.60 27.60  1.40 0.7068 
Control 28.70 27.60 28.10 27.90 28.10 27.90 27.90 26.10 27.10 27.04 1.38 0.5952 
Staves 27.90 27.90 28.10 27.90 27.90 28.10 27.10 26.30 27.10  1.38 0.7654 
 SE 1.42 1.39 1.40 1.40 1.41 1.41 1.38 1.32 1.36 1.35   
 POA 0.7401 0.9548 0.9799 0.9798 0.7787 0.8712 0.7804 0.898 0.8767    
Cabernet 
Sauvignon 
Chips 30.50 30.80 30.50 30.50 29.20 30.50 30.70 30.50 30.50  1.52 0.9629 
Control 30.00 30.20 31.00 29.20 29.20 30.70 30.70 30.20b 30.70 27.60 1.50 0.2446 
Staves 31.00 30.70 30.20 30.70 29.40 30.70 30.50 30.50 31.00  1.53 0.9529 
 SE 1.53 1.53 1.53 1.51 1.46 1.53 1.53 1.52 1.54 1.38   
 POA 0.7362 0.8782 0.8165 0.4636 0.9816 0.9831 0.9831 0.962 0.9237    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H10: Content of total acids (g/L) in wine after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 6.07bcA 5.95cA 6.20bacA 6.07bcA 6.72aA 6.57baA 5.94cA 5.79cB 6.55baA  0.31 0.0159 
Control 6.15baA 6.40aA 6.40aB 6.02baA 6.22baA 6.32baA 5.97baA 5.76bB 6.39aBA 6.49aA 0.31 0.1526 
Staves 6.36baA 6.32baA 6.32baA 6.34baA 6.40baA 6.87aA 6.12bA 5.53cB 6.47baA  0.32 0.0095 
 SE 0.31 0.31 0.32 0.31 0.32 0.33 0.30 0.28 0.32 0.32   
 POA 0.5324 0.2466 0.7475 0.4409 0.2367 0.2041 0.7453 0.5125 0.8369    
Kratošija 
Chips 5.65bacA 5.31cB 5.43bcB 5.38cB 5.52bcB 5.54baB 6.17aA 5.94baB 5.78bacB  0.28 0.0254 
Control 5.31cB 5.45bcB 5.46bcC 5.57bcA 5.57bcB 5.95baA 6.40aA 5.73bcB 5.78bcB 5.59bcB 0.28 0.0081 
Staves 5.96aA 5.38bB 5.95aA 5.71baB 5.49baB 5.80baB 5.91baA 5.98aBA 5.80baB  0.29 0.179 
 SE 0.28 0.27 0.28 0.28 0.28 0.29 0.31 0.29 0.29 0.28   
 POA 0.0794 0.8216 0.1111 0.4014 0.9385 0.286 0.2297 0.5668 0.9952    
Cabernet 
Sauvignon 
Chips 6.06bA 6.07bA 6.15bA 6.32bA 5.90bB 6.48bA 6.02bA 7.10aA 6.45bA  0.31 0.0067 
Control 6.00cA 6.01cBA 7.32aA 6.00cA 6.50bcA 6.40bcA 6.00cA 6.70bA 7.00baA 6.68bA 0.32 0.0003 
Staves 6.44bacA 6.05cA 6.16bcA 6.40bacA 6.64bacA 6.70baA 6.17bcA 6.46bacA 6.80aA  0.32 0.1122 
 SE 0.31 0.30 0.33 0.31 0.32 0.33 0.30 0.34 0.34 0.33   
 POA 0.2449 0.97 0.0071 0.3214 0.0617 0.542 0.7639 0.1423 0.211    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex H11: Content of volatile acids (g/L) in wines after three years of bottle aging – vintage 2013 




SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 0.65dB 0.50eC 0.60dC 0.60dC 0.75cB 0.85b 0.85bC 0.60d 1.05aB  0.04 <.0001 
Control 0.80cB 0.95bB 0.95bB 0.50eB 0.70dC 0.85c 0.70dC 0.55e 0.80cC 1.85aA 0.05 <.0001 
Staves 0.75dcC 0.70dB 0.70dC 0.60eC 0.80bcB 0.85ba 0.85baC 0.55e 0.90aB  0.04 <.0001 
 SE 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.05 0.09   
 POA 0.0067 <.0001 <.0001 0.0074 0.0469 1 0.0055 0.1184 0.0017    
Kratošija 
Chips 1.00cA 0.85ed 0.80eB 0.90dB 0.70fB 0.85edB 1.55aA 1.15bB 1.10bBA  0.05 <.0001 
Control 0.65fC 0.75e 0.80eC 1.05cA 0.90dB 1.20bB 1.70aA 0.75eB 0.95dB 1.25bC 0.05 <.0001 
Staves 1.05cB 0.80e 1.00cB 1.15bB 0.90dB 1.15bB 1.25aB 1.25aB 1.00cB  0.05 <.0001 
 SE 0.05 0.04 0.04 0.05 0.04 0.05 0.08 0.05 0.05 0.06   
 POA <.0001 0.0597 0.0019 0.0031 0.0016 0.0004 0.0009 <.0001 0.0292    
Cabernet 
Sauvignon 
Chips 1.00dA 1.10dcA 1.15cA 1.40bA 1.15cA 1.45bA 1.15cB 2.15aA 1.20cA  0.07 <.0001 
Control 1.00gA 1.25edA 2.05aA 1.05gfA 1.55cA 1.35dA 1.15efB 1.60cA 1.80bA 1.65cB 0.07 <.0001 
Staves 1.35dA 0.75fBA 1.15eA 1.45dcA 1.85aA 1.70bA 1.40dcA 1.50cA 1.50cA  0.07 <.0001 
 SE 0.06 0.05 0.08 0.07 0.08 0.08 0.06 0.09 0.08 0.08   
 POA 0.0004 <.0001 <.0001 0.0006 <.0001 0.0033 0.0038 0.0002 0.0002    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex I: Sensorial quality of wines after three months of maturation, 2012 vintage 
Priloga I: Senzorična kakovost vin po treh mesecih zorenja, letnik 2012 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 84.0A 83.3 81.7 83.7 82.3A 81.0 82.7 83.3 81.3  3.10 0.929 
Control 76.3B 77.0 77.0 78.3 74.3B 76.7 75.3 77.0 75.7 72.3a 3.90 0.813 
Staves 80.0BA 77.7 77.0 78.0 75.7B 77.0 80.3 80.0 81.3  2.90 0.2901 
 SE 2.40 3.70 2.50 3.80 3.10 4.50 3.40 2.90 3.10 4.00   
 POA 0.0224 0.1524 0.104 0.1997 0.041 0.4668 0.0891 0.0954 0.1069    
Kratošija 
Chips 73.0 70.3 74.3 71.3 76.3 73.7B 74.0A 79.7 73.3B  4.00 0.2552 
Control 72.3dce 72.7dce 74.7dc 68.0e 77.0bc 69.7Ce 68.7Be 81.3ba 85.7Aa 71.0de 2.60 <.0001 
Staves 72.3cd 69.3d 73.7cbd 71.0d 77.0cb 77.7Ab 77.0Acb 84.3a 83.3Aa  2.60 <.0001 
 SE 4.10 4.20 2.20 1.80 4.10 1.50 2.30 3.30 3.40 1.70   
 POA 0.9736 0.6364 0.8503 0.1106 0.974 0.0021 0.0128 0.2914 0.0098    
Cabernet Sauvignon 
Chips 82.0Abc 86.0Aba 87.3Aa 84.7Aba 83.0Abc 76.3Ade 76.7de 80.3Bdc 73.7e  2.30 <.0001 
Control 71.7Cbac 72.0Bbac 76.7Ba 64.0Cd 67.3Bdc 71.3Bbac 74.3ba 71.7Cbac 71.0bc 71.0bc 2.90 0.0029 
Staves 76.3Bbc 78.3Bba 74.3Bbdc 72.3Bbdc 77.7Aba 67.7Bd 76.1bac 83.3Aa 70.3dc  3.60 0.0021 
 SE 1.80 3.50 4.80 2.30 3.40 2.10 3.70 1.20 2.40 1.70   
 POA 0.0012 0.0082 0.0339 <0.0001 0.0039 0.0065 0.6879 <0.0001 0.2801    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
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Annex J: Sensorial quality of wines after three months of maturation, 2013 vintage 
Priloga J: Senzorična kakovost vin po treh mesecih zorenja, letnik 2013 
Grape variety oak-type 
YEAST/LAB 
SE PCYL BDX BDX BDX BM4x4 BM4x4 BM4x4 ICVD21 ICVD21 ICVD21 CTRL 
ALPHA CTRL VP41 ALPHA CTRL VP41 ALPHA CTRL VP41 CTRL 
Vranac 
Chips 81.7A 80.7A 80.7A 84.0A 81.3A 80.0 80.3A 81.7A 81.7A  1.6 0.2118 
Control 77.0Ba 75.7Ba 74.7Bba 76.7Ca 77.3Ba 78.3a 76.3Ba 75.0Bba 77.0Ba 71.7b 1.9 0.0262 
Staves 78.3BAba 75.3Bbc 74.0Bc 80.7Ba 78.7BAba 80.0a 76.3Bbc 76.0Bbc 76.7Bbc  1.8 0.0035 
 SE 1.80 1.70 2.20 1.60 1.40 1.20 1.70 2.50 1.80 1.50   
 POA 0.0459 0.0159 0.0188 0.004 0.0344 0.2263 0.0467 0.0331 0.0249    
Kratošija 
Chips 69.7c 68.3c 70.3Bc 74.3Ab 74.3b 72.0Abc 75.7Aba 78.7Ba 74.7b  2.0 0.0001 
Control 71.0ecd 71.3ecd 74.7Abcd 68.3Be 76.0bc 66.7Be 69.7Bed 82.3Aa 79.0ba 70.3ed 2.8 <.0001 
Staves 70.3c 70.3c 69.7Bc 76.0Ab 76.3b 71.3Ac 76.7Ab 82.7Aa 81.7a  1.8 <.0001 
 SE 1.40 2.10 1.90 2.30 2.00 2.10 1.70 1.50 4.20 1.50   
 POA 0.5305 0.2746 0.0367 0.0144 0.4602 0.043 0.0052 0.0332 0.2044    
Cabernet Sauvignon 
Chips 79.7Abc 83.3Aba 84.3Aa 81.3Abac 82.0Abac 78.3Adc 78.3Adc 78.3Adc 74.3Ad  2.3 0.0018 
Control 73.0Bba 71.7Cba 75.3Ba 64.7Cc 68.3Bbc 69.7Bb 71.0Bba 72.3Bba 68.0Bbc 72.0ba 2.6 0.0041 
Staves 77.7BAba 77.0Bbac 73.3Bbc 72.3Bdc 77.3Aba 64.7Be 76.7Abac 81.0Aa 68.7Bed  2.6 <.0001 
 SE 2.4 2.40 2.20 2.20 2.80 2.50 2.70 2.70 2.50 2.60   
 POA 0.0375 0.0032 0.0021 0.0003 0.0028 0.0016 0.0354 0.0193 0.0391    
SE – standard error of mean; PCYL – statistical probability of commercial yeast and LAB addition; POA – statistical probability of oak addition; mean values with a different letter (A, B, C) within the column are 
statistically significantly different (P ≤0.05, significance of differences between the oak type); mean values with a different letter (a, b, c, d) within a row are significantly different (P ≤0.05, significance of differences 
between the used commercial yeast and LAB) 
 
